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Chapter 1 General Introduction 
 
1.1 Hydrogen Utilization 
Hydrogen has been applied in many production and purification processes of chemical 
compounds. Representative processes demanding hydrogen include ammonia synthesis, petroleum 
refinery, synthesis gas conversion (e.g. methanol synthesis, Fischer–Tropsch synthesis), and 
reduction of mineral resources. In addition, hydrogen is anticipated for use as a clean secondary 
energy in the future. This section explains the situation and technologies on some examples of them. 
 
1.1.1 Ammonia Synthesis 
Hydrogen gas is used for ammonia mass production using the Haber–Bosch process. Ammonia 
is widely used as a raw material for nitrogen fertilizers, chemical dyestuffs, resins and 
pharmaceuticals. In addition, ammonia has attracted attention as a hydrogen carrier. Consequently, 
ammonia synthesis is an increasingly important chemical process. At the beginning of twentieth 
century, Haber–Bosch process enabled industrial nitrogen fixation, in which atmospheric nitrogen 
(N2) is converted to ammonia (NH3) by reaction with hydrogen (H2) over an iron-based catalyst. 
This process requires an approximately 773 K reaction temperature and 20.3 MPa of pressure [1, 
2]. The original catalyst found by F. Haber was developed by A. Mittasch. Magnetite (Fe2O3) was 
promoted by irreducible oxides, K2O and Al2O3 at first, then also CaO [1, 3]. G. Ertl discovered that 
Al2O3 played a role as a structural promoter to stabilize α-Fe phase forming spinel Al2FeO4 
internally [4]. Additionally, CaO suppressed thermal sintering of Fe during the reaction [4]. Also, 
K2O facilitated Fe-based catalyst donating electron with its basic features [4]. Such promoted Fe 
catalysts are still used today for ammonia production. 
In the 1970s, K. Aika et al. reported that Ru-based catalysts showed much higher activity than 
iron-based catalysts in the presence of alkali and alkali-earth metal promoters such as Cs, K, and Ba 
[5, 6]. Ammonia synthesis can be performed under milder conditions on Ru catalysts i.e. lower 
temperature and lower pressure, and Kellogg commercialized ammonia synthesis plants using 
graphite-supported Ru catalyst in 1992 [7]. Recently, additional investigations have been 
undertaken for both Ru and Fe Catalysts for obtaining higher catalytic activity at lower temperatures 
and lower pressures [8–11]. 
 
1.1.2 Petroleum Refinery 
Hydrorefining is an important process conducted during petroleum refining. Actually, it 
involves desulfurization, denitrification, and heavy oil cracking, thereby supplying hydrogen gas. 
The content ratio of sulfur in crude oil is notably higher than other impurities such as nitrides, nickel, 
and vanadium. Sulfur-containing species contained in fuel are converted to SOX after combustion 
in engines. Then they contribute considerably to air pollution and acid rain. Additionally, sulfur is 
regarded as a typical poison for catalysts. Therefore, sulfur contents are not only harmful 
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themselves: they also inhibit catalytic removal of other harmful substances such as NOX and 
hydrocarbons (HC). The greater the degree to which the regulation limit of sulfur content has been 
restricted, the more necessary development of desulfurization catalyst has become [12]. 
Sulfur contained in thiol, sulfide, disulfide, and thiophene is hydrogenated and removed as H2S 
through hydrodesulfurization processes. Alumina-supported MoS2-based catalysts are generally 
used and investigated for hydrodesulfurization [12–14]. Actually, both Co and Ni promotion to the 
MoS2 structure have been well known as effective to achieve higher catalytic activity during 
reaction [12–16]. Many experimental investigations and DFT calculations have demonstrated that 
Co or Ni promotes substitution of Mo sites at the edge of MoS2 layers and synthesized Co-Mo-S or 
Ni-Mo-S structures [13, 14, 16, 17]. However, the exact structure of substituted sites has been 
debated extensively for a long time [17, 18]. Recently, the most probable structure of the active site 
was observed experimentally on industrial-type multilayers [19] and a single-crystal under working 
conditions [20]. Co was attached preferentially on the S-edge termination of each layer, as shown 
below (Figure 1.1) [17–20]. 
 
 
Figure 1.1 Co-Mo-S structure for hydrodesulfurization [20]. 
 
Reportedly, the addition of Co or Ni weakened Mo-S bonding on S-edge of MoS2, then formed 
vacancies at the edge promoted desulfurization [17, 18]. Several revealed schemes and facts might 
lead to better catalytic design for oil purification under severer regulations for sulfur. 
 
1.1.3 C1 Chemistry 
Commonly, C1 chemistry is defined as chemical processes converting methane or synthesis gas 
(CO + H2) to more valuable chemical products or chemical feedstocks. Methane is a main 
component of natural gas, for which the “shale gas revolution” has discovered large resources and 
reserves. Direct conversion of methane has been investigated for decades to improve the efficiency 
and cost-effectiveness of chemical process [21]. Despite outstanding researching efforts and 
achievements [22–29], industrial applications remain limited because of their low yield or 
selectivity of products and stability of catalysts [21]. For industrial production, methane is first 
converted to synthesis gas with catalytic steam reforming. Synthesis gas is produced mainly by 





























conversion of synthesis gas has been examined extensively and developed world-wide. The 
following paragraphs explain representative processes i.e. Fischer–Tropsch synthesis and methanol 
synthesis. 
 
1.1.3.1 Fischer-Tropsch Synthesis 
Fischer–Tropsch synthesis (FTS), a well-known catalytic reaction, produces functional liquid 
hydrocarbons from synthesis gas. This process, invented by F. Fischer and H. Tropsch in Germany 
of the 1920s [30], was intended to produce liquid fuels from coal resources for strategic reasons 
independent of economic aspects [30]. Both Co-based and Fe-based catalysts were generally used 
for commercial processes at temperatures of 473–613 K and pressures of 1–6 MPa [30, 31]. Later, 
FTS processing using Fe-based catalyst was commercialized in Sasolburg, South Africa in 1955 
under their circumstances of political sanctions, but with their large coal resources [31]. Actually, 
Fe-based catalysts were more likely to by-produce carbon accumulation [32]. In the 1990s, Sasol 
Company successfully introduced commercial fluid-bed FTS with a slurry Fe-based catalyst [30, 
31]. 
Actually, Co-based catalyst is more suitable to obtain longer chain hydrocarbons (C1 to C100) at 
lower temperatures (423–463 K) [30, 33]. There, metallic cobalt nanoparticles were supported on 
high-surface-area oxides such as SiO2, Al2O3, and TiO2. In addition, recent industrial catalysts were 
promoted using precious metals such as Pt, Ru, and Re to control coke formation [33]. Fixed bed 
reactors are appropriate for low-temperature FTS aimed at higher average molecular chains [30]. 
Fe-based catalyst tends to synthesize olefinic hydrocarbons with lower average molecular weight 
[30]. Alkali promoted iron carbide catalyst is generally used at higher temperatures below 613 K 
[30, 33]. As described above, different features between two active metals (Co and Fe) were 
observed. Many investigations of product selectivity, catalyst lifetime, and other issues have been 
undertaken to overcome catalytic issues during FTS [34–38]. 
 
1.1.3.2 Methanol Synthesis 
Methanol is regarded as an efficient form for transportation and storage of synthesis gas because 
it can exist in a liquid state at room temperature and pressure. The kinetics and mechanism of 
catalytic methanol synthesis over Cu catalyst have been discussed in many works [39–41]. Actually, 
ZnO addition has been revealed as facilitating Cu-based catalyst during the reaction [40–43]. 
Consequently, industrial synthesis of methanol from CO and H2 is usually conducted over 
Cu/ZnO/Al2O3 catalyst [44]. Carbon monoxide (CO) adsorbs on Cu-active metal, and H2 to ZnO 
[40, 41]. The adsorbed CO is then hydrogenated to oxygenate intermediates such as formate species. 
Subsequently, they are stabilized on a stepped Cu surface [41, 44]. Therefore, dispersion of Cu 
metal is quite important for this reaction [44]. Additionally, it has been reported that ZnO doping is 
necessitated for the stabilization of oxygenate intermediates e.g. formate species and aldehyde 
species [39, 44]. Here, formate species are the most stable and longest-lived intermediates [39]. 
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Accordingly, synergetic effects of Cu and ZnO are substantial for the hydrogenation of formate 
species [41]. 
A complex chemical reaction network is built for methanol synthesis. Similar intermediates are 
formed in both cases of hydrogenation of CO or CO2 [45]. Therefore, methanol synthesis from CO2 
and H2 has also been investigated on similar Cu-based catalysts. This reaction can be regarded as a 
CO2 utilization method using hydrogen. Consequently, one can surmise that catalytic methanol 
synthesis will continue to gather much attention. 
 
1.1.4 Secondary Energy 
Currently, hydrogen is regarded as a promising candidate for secondary energy because it is 
producible from various resources including conventional and unconventional resources. 
Additionally, the hydrogen combustion process produces neither carbon dioxide (CO2) nor air 
pollutants except NOX from the ambient air in the case of hydrogen internal combustion [46]. 
Despite such benefits, the use of hydrogen as an energy resource is limited under the status quo 
because transportation systems using gaseous hydrogen have not been established yet. Many 
hydrogen-based transportation systems have been proposed and assessed during the last few decades, 
as described later in section 1.3. This section specifically examines the generation of energy from 
hydrogen as an energy resource. 
 
1.1.4.1 Hydrogen Fueled Vehicle 
Hydrogen-fueled internal combustion has been investigated for automobiles as an alternative to 
fossil fuels [47]. Hydrogen combustion is attractive because it produces no CO2 and few harmful 
emissions compared to conventional fuels such as gasoline and diesel [47]. This feature is highly 
beneficial considering that regulation of CO2 and air pollutant emissions are expected to become 
more restricted in the future. As clean-emission vehicles, fuel cell powered vehicles (FCV) and 
battery-electric vehicles (BEV) are anticipated as candidates for future social applications. 
Hydrogen combustion engines require no expensive purification of hydrogen as FCV does [47]. 
Actually, in the case of FCV, hydrogen must be purified to avoid Pt poisoning. Another benefit is 
that manufacturing of hydrogen combustion engines is independent from expensive materials i.e. Pt 
and fuel systems for FCV [48] and rare earth elements for BEV [47]. Nevertheless, some important 
shortcomings exist also for hydrogen combustion vehicles (HCV). Transportation and storage 
processes for hydrogen entail low “well-to-wheel” efficiency if hydrogen is produced from fossil 
fuels because much energy is required for its production [47]. In addition, the difficulty of on-board 
hydrogen storage for HCV and FCV remains; current pressurized hydrogen systems are unsuitable 
in terms of efficiency [47]. Actually, BEV has a better penetration rate than HCV and FCV today. 
This fact demonstrates that the use of hydrogen in the transportation sector still presents difficulty 




1.1.4.2 Fuel Cells 
A fuel cell generates electricity from chemical energy through an electrochemical reaction of 
hydrogen fuel with oxygen. Fuel cells can achieve a decentralized power distribution system that is 
resistant to disasters of various kinds [49]. Hydrogen is supplied to the fuel electrode (anode), and 
oxygen i.e. air to the air electrode (cathode) [50]. The basic reactions at each electrode are 
represented as the following equations [50]. 
 
 (Anode)  H2 → 2H+ + 2e-                            Eq. 1.1 
 (Cathode)  1/2O2 + 2H+ + 2e- → H2O                     Eq. 1.2 
 (Overall)  H2 + 1/2O2 → H2O                          Eq. 1.3 
 
Fuel cells are classified according to the type of electrolyte and fuel. Operating temperatures and 
required fuel qualities differ by the type of fuel cell (e.g. proton electrolyte fuel cells, PEFC; 
phosphoric acid fuel cells, PAFC; molten carbonate fuel cells, MCFC; and solid oxide fuel cells, 
SOFC) [50]. 
Because proton-conductive polymer such as Nafion requires highly humidified conditions, 
PEFC is commonly operated at temperatures below 373 K [51, 52]. At such low temperatures, Pt is 
used to facilitate the reaction at the anode electrode [53]. Consequently, expensive high-level 
purification of hydrogen fuel is necessary to eliminate carbon monoxide (CO). Recently, high-
temperature PEFC (HT-PEFC) has been proposed, in which phosphoric acid (H3PO4-) is used 
instead of water [51]. Actually, HT-PEFC is operated at temperatures of 433–453 K resulting in 
higher carbon monoxide tolerance [53]. Operated at around 473 K, PAFC uses a solution of liquid 
H3PO4 acid [50, 54]. Therefore, PAFC presents similar benefits and shortcomings to those of HT-
PEFC. Nevertheless, corrosion by liquid phosphoric acid remains difficult in the case of PAFC [54]. 
Actually, PEFC presents benefits for size reduction by virtue of its high-power density and tolerance 
of on–off switching because they are operated at lower temperatures than other fuel cells [54]. 
Research efforts have demonstrated that MCFC and SOFC are operated at higher temperatures: 
923 K for MCFC and 1073–1273 K for SOFC [54]. In MCFC, carbonate salts such as Li2CO3-
K2CO3 mixtures are used as electrolytes where carbonate salt conducts [50, 54, 55]. In SOFC, 
oxygen ion conducts through an electrolyte such as yttrium-stabilized ZrO2 (YSZ) [56]. Because 
both fuel cells are operated at high temperatures, hydrocarbons (e.g. methanol, methane) can be 
converted directly to hydrogen at the anode electrode with supported Ni [56]. Therefore, MCFC and 
SOFC are more applicable for centralized power generation with a co-generation system [54]. 
 
1.2 Hydrogen Synthesis 
Hydrogen synthesis is an important process to satisfy industrial-level demand for hydrogen, as 
described earlier. The world production ratios of hydrogen in 2010 show 48% production from 
methane steam reforming, 30% from by-production from fossil oil (including naphtha steam 
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reforming), 18% from gasification of coal, and 4% from water electrolysis [57, 58]. Hydrogen 
production still relies mainly on fossil fuels under the status quo. 
 
1.2.1 Steam Reforming 
Catalytic steam reforming is the most generally used method for mass production of hydrogen 
for ammonia synthesis and other uses. Hydrogen or synthesis gas is synthesized from hydrocarbons 
and steam, as shown in the following expressions. 
 
 CnHm + n H2O → n CO + (m/2 + n) H2                     eq. 1.4 
 CO + H2O → CO2 + H2                             eq. 1.5 
 
Although the steam reforming reaction (eq. 1.4) is an endothermic reaction, the water gas shift 
reaction (eq. 1.5) is an exothermic reaction. Both reactions proceed simultaneously, but steam 
reforming requires large amounts of thermodynamic energy [59]. Accordingly, the reaction is 
conducted at high temperatures of around 973–1173 K using multiple heat-exchangers [60]. 
Lowering of the reaction temperature is desired for higher-efficiency hydrogen production [60]. 
Generally, natural gas (methane) or naphtha has been used as a raw material for reasons of cost [60, 
61]. For that reason, methane and naphtha have tended to be the main research objects of steam 
reforming. That attention notwithstanding, steam reforming of other hydrocarbons (e.g., methanol 
[62–64], ethanol [65–68], dimethyl ether [69, 70], aromatics [71–74], and glycerol [75–77]) has 
been investigated extensively to allow for raw-material diversity. 
As an active metal for industrial steam reforming processes, Ni metal is commonly used because 
of its high activity and low cost [59]. Steam reforming over Ni [75, 78] and other metals such as Co 
[65–67, 71], Fe [72, 74, 79], Pt [68], Pd [62, 64, 69], Rh [73, 80], Ru [77], and Ir [76] were also 
investigated in the study phase. The role of an active metal during steam reforming is generally 
dissociation of C–H bonding and C–C bonding of raw-material hydrocarbons. These active metals 
were supported over metal oxides to maintain high metallic dispersion. The main required functions 
for an oxide support during steam reforming are sintering inhibition of active metals and affinity or 
adsorption ability for steam and hydroxyl group to support the reaction. Both functions are also 
important for coke suppression, which is the main cause of catalytic deactivation during steam 
reforming [81]. 
Deposited coke covers surficial active sites and causes catalytic deactivation during steam 
reforming [81, 82]. Actually, coke is formed through step-by-step condensation of adsorbed 
hydrocarbons; several types of deposited coke have been reported [83, 84]. First, adsorbed 
hydrocarbons i.e. CnHm(a) are dehydrogenated to surficial carbide (Cα) [83, 84]. This Cα is 
converted to Cγ (whisker carbon, Cβ (polymeric or amorphous films of carbon) or Cc (graphite 
carbon) with further condensation [83, 84]. The Cα and Cβ are more reactive or more removable 
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than the others [82–84]. Graphite carbon and whisker carbon tend to form at higher temperatures 
[82–84]. 
Accelerating oxidative gasification of surficial hydrocarbons or reactive coke species is 
beneficial to avoid hydrocarbon condensation and coke formation [82]. Gasification of those species 
to CO or CO2 can be accelerated using dissociated water or mobile lattice oxygen. Moreover, the 
addition of alkali-earth metal can promote water dissociation on a catalytic surface [85, 86]. 
Substitution of lattice metal ions can increase lattice oxygen mobility [87–90]. Highly dispersed 
active metals can control the coke formation rate because coke deposition occurs more on 
aggregated metals [91]. Additionally, highly dispersed coke offers a larger interface between active 
metals and metal oxides at which hydrocarbons can react with dissociated water or mobile lattice 
oxygen. Coke suppression methods have gathered much attention for maintaining catalytic stability 
during steam reforming. 
 
1.2.2 Gasification of Coal or Biomass 
Although coal is known as an abundant and omnipresent fossil fuel [92], it has low hydrogen 
capacity of 4–6 wt%. For that reason, the amount of H2 produced against CO2 is correspondingly 
low [92, 93]. By adopting coal gasification, a high probability of producing high-purity hydrogen 
exists because NOx and SOx are suppressed: it is easier to segregate CO2 [93]. Gasification proceeds 
at 1273–1723 K using crushed dry or slurry coal and an oxidant, which is usually air, oxygen or 
steam [92]. Water gas shift reactions are conducted after gasification to increase the hydrogen 
amount [92, 93]. Two reactors can be used for water gas shift reactions: low-temperature reactors 
and high-temperature reactors [92]. For low-temperature reactions at 473–523 K, Cu/ZnO/Al2O3 
catalyst is used. This catalyst can be polluted by sulfur and chlorine because the adsorption of these 
impurities can occur easily in a low-temperature region [92]. For high-temperature reactions at 598–
723 K, Fe2O3-Cr2O3 catalyst is used [92]. This catalyst has high resistance to sulfur or chlorine. 
However, an equilibrium limitation exists because the reaction occurs in a high conversion region 
[92]. To obtain conversion above the equilibrium limit, a Pd membrane is applied [92]. Some 
catalysts such as Co-Mo/Al2O3 are useful in a wider temperature region without being adversely 
affected by impurities [92]. Although coal gasification technologies were developed many years 
ago, some issues related to this process remain to be resolved. Most issues are related to the 
resistance of the apparatus around the gasifier [93]. A feed injector is said to last around 2–6 months. 
However, a lifetime of about a year is required for efficient operations [93]. The life length is 
affected by sulfidation, corrosion, and the amount of fed steam [93]. Moreover, thermocouples are 
used to measure the gasifier temperature, but these last for around 30–45 days [93]. Much of the 
apparatus resistance must be greater to achieve high efficiency and low costs to compete with other 
resource-based methods. 
 Biomass is another resource for gasification. Tar and char are produced during gasification of 
coal or biomass, even at high temperatures above 1173 K [93, 94]. Many gasifiers have been 
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designed to lower reaction temperatures to achieve higher energy efficiency [94]. Nevertheless, 
when a reaction is conducted at a low temperature below 1123 K, tar and char are more readily 
produced [94]. To resolve this difficulty, Ni-based catalysts are used with steam reforming to 
convert these products to H2, CO, and CO2 [94]. Issues related to the deactivation of Ni catalysts in 
the reactor remain [94]. Improvement of catalysts might engender breakthroughs providing higher 
efficiency during coal or biomass conversion to hydrogen. 
 
1.2.3 Hydrogen Production from Water Splitting 
For networking a carbon-neutral society, hydrogen is anticipated for use as a clean secondary 
energy resource. As described earlier in this report, hydrogen production still relies today on fossil 
fuels and steam reforming, but hydrogen synthesis from omnipresent water or biomass can be 
substantial. This section explains hydrogen production from water. Several means exist to produce 
hydrogen from water: photocatalysis, thermochemical cycle, and electrolysis. 
 
1.2.3.1 Photocatalytic Water Splitting 
Photocatalytic water splitting has attracted attention because of the promise of producing clean 
hydrogen from water using solar power alone. In the 1970s, Fujishima and Honda reported the 
photocatalytic possibility of semiconductor TiO2 [95]. Oxide semiconductors with a narrow band 
gap (below 3.0 eV) absorb visible light, by which electrons in a valence band are excited to the 
conduction band [96]. Because the valence band is expected to be more positive than oxidation 
potential of water to O2 (+1.23 V vs. normal hydrogen electrode (NHE) at pH = 0), the conduction 
band should be more negative than hydrogen production from protons [96]. Consequently, the 
positive position of O2p (at ca. +3.0 eV vs. NHE) makes it difficult to design a photocatalyst that 
can proceed both reactions above [96]. Furthermore, the recombination of excited electrons is 
problematic. It is well-known that the d orbital causes recombination. Consequently, d0 or d10 
electron configuration is necessary for efficient photocatalysis [96]. Although many contributions 
have been given (e.g. Z-scheme) for this attractive reaction, the reaction rate to produce hydrogen 
is not quite sufficient for mass production presently. 
 
1.2.3.2 Thermochemical Water Splitting 
Thermochemical water splitting is a combination of chemical reactions used to convert water 
to hydrogen and oxygen using heat. Exhaust heat from nuclear power or concentrated solar power 
(CNP) has been proposed as a heat source [97]. Many cycles have been investigated for this reaction 
[97] (e.g., sulfur-iodine cycle [98], copper-chlorine [99, 100] and Zn/ZnO redox cycle [101]). 
Thermochemical reactions for sulfur-iodine cycle (an intensively investigated cycle in laboratory 
and large scale) were described as presented below, referred from the literature [99]. 
 
 2H2O + SO2 +I2 + 4NH3 → 2NH4I + (NH4)2SO4    (325 K)          Eq. 1.6 
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 2NH4I → 2NH3 + H2 + I2               (900 K)          Eq. 1.7 
 (NH4)2SO4 + Na2SO4 → Na2S2O7 + H2O + 2NH3   (675 K)          Eq. 1.8 
 Na2S2O7 → SO3 + Na2SO4              (825 K)          Eq. 1.9 
 SO3 → SO2 + 1/2O2                 (1140 K)          Eq. 1.10 
 
According to eqs. 1.6–1.10, all involved materials i.e. SO2, I2, NH3, and Na2SO4, are regenerated in 
the process [99]. Accordingly, they facilitate water dissociation reaction as catalyst. The cycle 
consists of multiple reactions requiring high temperatures [99]. Reportedly, the copper-chlorine-
based cycle proceeded in lower temperature. However, the reaction network remained complicated 
[99, 100]. In addition, corrosive hydrochloric acid was produced as a byproduct by the copper–
chlorine process [99, 100]. Recently, Davis explained a manganese-based cycle that proceeded at 
temperatures below 1273 K without toxic intermediates [102]. Required high temperatures and 
harmful or corrosive byproducts are common difficulties associated with these processes [97]. 
 
1.2.3.3 Electrolysis of Water 
The most mature process for water splitting is alkaline water electrolysis, which produces 4% 
of the world’s hydrogen production [57, 58]. For wider use of water electrolysis, some challenges 
remain: they include improvement of reliability and durability and reduction of energy consumption 
[103]. Energy consumption through water electrolysis corresponds to the necessary cell voltage. 
Here, the cell voltage includes reversible potential for the electrochemical reaction and overvoltages 
[104]. Decreasing the reaction barriers can lead to lower overvoltage during water electrolysis. 
Mainly three barriers currently impede electrolysis of water as a practical process: they are 
impediments to electrical application, transportation, and electrochemical reaction [103]. First, 
conductivity improvement can lower the electrical barrier i.e. ohmic voltage. Potassium and sodium 
hydroxides are usually used in commercial electrolyzers to improve water conductivity [103, 104]. 
Second, physical transportation is inhibited by gas bubbles formed on the electrode and in the 
electrolyte solution [103]. Finally, the reaction resistance is determined by active energy of the 
hydrogen and oxygen formation reactions. Accordingly, development of a stable and active 
electrode is important. Many studies have examined stable and active electrodes, better electrolyte 
conductivity (conditions and additives) and bubble treatment [103]. 
 
1.3 Transportation and Storage of Hydrogen 
Hydrogen has raised great expectations as a clean secondary energy for use in a carbon-free 
hydrogen society. The possibility of using hydrogen as an energy carrier (secondary energy) 
depends on establishing its safe and cost-effective transportation and storage systems for gaseous 





1.3.1 Physical-based Methods 
Hydrogen has the highest specific energy of all conventional fuels, with ability for production 
from various primary resources as a salient benefit [105–107]. Even when compared with 
hydrocarbons, hydrogen has high energy density by weight. However by volume, its energy density 
is low [105]. To improve its low density to volume, better storage and transportation technologies 
must be developed. Two ways to store hydrogen physically can be used: hydrogen compression and 
liquefaction. 
 
1.3.1.1 Pressurized Hydrogen 
Hydrogen compression is the most commonly used method [105]. The storage density of 
compressed hydrogen depends mainly on the storage pressure, although high-pressure storage tends 
to entail high costs because of high capital and storage requirements [107]. Nowadays, the pressure 
used for hydrogen for storage is about 20–25 MPa: 0.030 kg/L can be stored in a tank [105]. Because 
of its low storage density, storage quantities are small; only short-term storage is typically used 
[107]. 
 
1.3.1.2 Liquefied Hydrogen 
Hydrogen can be stored as a liquid at temperatures below -20 K to increase the storage density 
by volume [105]. By liquefying hydrogen, 0.070 kg/L can be stored in tanks, reaching more than 
double the density of compressed hydrogen [105, 106]. However, the capital costs to liquefy 
hydrogen are high and up to 30–33% of the hydrogen energy must be consumed simply for the 
compression process [105]. Therefore, this method is suitable only for storage of large amounts. 
Other shortcomings associated with this method are that expensive materials must be used for 
storage tanks and to prevent vaporization loss of hydrogen. From the storage tank, 0.1–1% of 
hydrogen is vaporized each day [105]. However, considering the associated costs, liquefied 
hydrogen is more efficient than pressurized hydrogen for long-term storage [107]. 
 
1.3.2 Material-based Methods 
As described earlier in this report, physical hydrogen storage (i.e., pressurization, liquefaction 
and their combinations) present issues related to long-term storage methods. Therefore, material-
based methods for hydrogen storage have attracted great attention. Several systems have been 
proposed for this purpose: hydrogen adsorbing alloys, metal-organic frameworks (MOF), and 
chemical hydrides including cyclic hydrocarbons as liquid organic hydrides. 
 
1.3.2.1 Metal-Organic Frameworks (MOF) 
Metal-organic frameworks (MOFs) have attracted attention as a method to store hydrogen 
because of their reversibility and cyclability [108]. An MOF is a porous material with high internal 
specific surface area [108–110]. Actually, H2 can adsorb on MOF by weak van deer Waals force 
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(1–10 kJ mol-1 adsorption energy) [108]. However, cryogenic temperatures or high pressure is 
required to uptake H2 sufficiently. The United States Department of Energy (DOE) has set an 
ultimate hydrogen storage goal of 7.5 wt% and 70 H2/L [111]. Although such materials have never 
been synthesized, computer-based simulation has identified ideal materials and structures to achieve 
short-term targets [110, 112]. Han et al. reported that Li-doped MOFs (Li-MOF-C30: Li doped 
octahedral Zn4O(CO2)6 cluster with aromatic carbon rings) achieved the 2010 DOE target i.e. 
gravimetric H2 density of 6.0 wt% at 243–353 K and below 10 MPa [112]. Getman et al. reported 
that Li-based alkoxide has binding energy for H2 that is too low to adsorb a sufficient amount [113]. 
For a metal alkoxide system, Mg-based alkoxide was identified as a more promising functional 
group than other metal alkoxides [113]. Many computing-based studies have been conducted for 
MOFs because computer calculations advantageous for optimizing several factors simultaneously 
i.e. theoretical H2 uptake with any materials, structures, pressures, and temperatures. Through those 
theoretical calculations, ideal material combinations and structures can be designed at the molecular 
level [108, 110]. Although many theoretical outputs have been reached to date, few materials have 
been synthesized practically or experimentally [110]. A challenge of this research field is bridging 
the gap separating theoretical calculations and the practical synthesis of materials. 
 
1.3.2.2 Chemical Hydrides 
Various chemical hydrides can store hydrogen at high capacity. Chemicals that are often 
researched are ammonia, formic acid, and methanol. Although formic acid, methanol and dimethyl 
ether (DME) might be classified as liquid organic hydrides, their natures, in terms of their principles, 
resemble those of ammonia. For this report they are classified as chemical compounds. 
Ammonia is anticipated for use as a chemical hydride because of its high hydrogen capacity 
(17.6 wt%) and carbon-free structure [114, 115]. Production, transportation, and storage 
technologies and infrastructure already exist around the world industrially because 120 million tons 
of ammonia are produced every year [114]. Moreover, ammonia in the amount of about 28.4 GJ t-1 
is stored; only 1.5 GJ t-1 are lost during production of ammonia from hydrogen and nitrogen [114]. 
The synthesis of ammonia is described above, so this will be omitted here. However, ammonia 
decomposition catalyst is well studied also. The most practically used catalyst is Ni/Al2O3 because 
of its mechanical strength and heat resistance, but Cs-Ru/C catalyst is also well known [114–116]. 
Ammonia can be transported in various ways i.e. ship, pipeline, and truck. Furthermore, several 
means exist to store ammonia. One is to store it in bulk with tanks over 50,000 t at 240 K and 0.1–
0.8 MPa [114, 115]. Another is to store it in smaller stainless steel tanks of 1500 t under pressure 
[114]. Unlike hydrogen, no evaporation loss occurs [115]. Regarding safety, ammonia has no 
flammability in air, although the flammability of hydrogen and gasoline are very high [114]. 
Unfortunately, liquid ammonia has high apparent toxicity, as reflected by its vapor pressure and its 
status as immediately dangerous to life or health (IDLH) [114]. To reduce ammonia toxicity, various 
researchers are investigating metal ammines, ammonium carbonates, and urea to store ammonia 
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inside [114, 115]. Although ammonia-related compounds can resolve many transportation and 
storage related difficulties, it can be said that room remains for consideration and improvement of 
safe transportation and storage. 
Formic acid, methanol, and DME are chemical hydrides that can be generated from CO2 or CO 
with hydrogen. DME is synthesized from methanol dehydration [117]. Methanol synthesis has 
already been explained earlier herein. Formic acid, which is non-toxic, has hydrogen capacity of 4.4 
wt% [118]. For the energy cycle of formic acid and CO2, catalysts must be investigated both for 
dehydrogenation of formic acid and for hydrogenation of CO2. The dehydrogenation of formic acid 
must be selective and must suppress the reaction to produce CO and H2O because CO is highly toxic 
and can poison Pt catalyst in the fuel cells [118]. Catalysts with high selectivity during 
dehydrogenation have been investigated in both homogeneous and heterogeneous catalysts [118]. 
Reportedly, Au, Rh, and Pd nanoparticles are active catalysts for the dehydrogenation of formic 
acid; also, bimetallics of Au or Ag to Pd have higher activity [118]. However, development of CO2 
hydrogenation catalyst is still difficult. No heterogeneous catalyst to proceed CO2 hydrogenation in 
the gas phase has been developed as a homogeneous catalyst [118]. This result derives from the 
difference of activation energy of CO2 hydrogenation in gas phase and aqueous solution (gas phase: 
ΔG = +33 kJ mol-1, aqueous phase: ΔG = -4 kJ mol-1) [118]. Few catalysts reportedly complete the 
reversible cycle of formic acid and CO2 [118]. One reported catalyst is Ir complex homogeneous 
catalyst in aqueous solution [118, 119]. Another is Pd-Ag nanoparticle supported on amine-
functionalized silica or phenylamine-functionalized mesoporous carbon [118, 120]. 
 
1.3.2.3 Cyclic Hydrocarbons as Liquid Organic Hydrides 
Organic hydride method consists of reversible hydrogenation and dehydrogenation reactions 
occurring between aromatic and naphthene compounds (cycloalkane). At hydrogen supplying sites, 
aromatics are hydrogenated to naphthene compounds to store hydrogen in its structure. The opposite 
reaction, i.e. dehydrogenation of naphthene, is conducted to extract hydrogen at consuming sites. 
This process requires no large capital investment because conventional transportation or storage 
infrastructure for fossil fuels is useful [121]. Many compounds have been proposed for this system. 
Recently, a perhydro dibenzyltoluene cycle was investigated because these compounds have neither 
toxicity nor explosivity [122]. Additionally, they are liquid at a wide range of temperatures (243–
633 K) [122]. The most well-known cycles are the cyclohexane–benzene cycle, methylcyclohexane 
(MCH) – toluene cycle, and decalin–naphthalene cycles. The respective gravimetric H2 capacities 
of those cycles are 7.1%, 6.1%, and 7.2% [121]. Despite low H2 capacity, the MCH–toluene cycle 
has been the most investigated because of its nontoxicity and easy-handling nature i.e. a wider range 
of liquid phase 178–374 K [121, 122]. 
Feasibility of the MCH–toluene cycle depends on the stability and efficiency of catalytic 
dehydrogenation processes [121]. This reaction has been commonly performed on Pt-supported 
alumina catalyst because of its high catalytic activity and selectivity [121, 123]. However, Pt-
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supported catalyst is readily deactivated by coke formation [121, 123]. Coke precursor might be 
MCH, toluene, or intermediates (e.g., methylcyclohexadiene): it remains controversial [121]. For 
example, Chai et al. described coke precursor formed by methylcyclohexadiene differently adsorbed 
from the case of main dehydrogenation reaction [124]. M. A. Pacheco et al. reported that coke was 
produced by the reaction between gaseous toluene and a surface carbon skeleton caused by 
dissociative adsorption of MCH [125, 126]. Reportedly, coking occurred preferentially on six 
adjacent sites for MCH adsorption compared to doublet-sites for them [126]. Many attempts have 
been conducted for prevention of coke, such as highly dispersed platinum metal [127], second metal 
addition [124, 128], and pre-sulfidation of active metal [124]. 
Because catalytic dehydrogenation is an endothermic and reversible reaction, a strong limitation 
is imposed by thermodynamic equilibrium. Consequently, dehydrogenation was usually performed 
at temperatures higher than 623 K [121]. For better efficiency of organic hydride cycles, either or 
both waste heat utilization and lower reaction temperature are necessary for the dehydrogenation 
process. Regarding power generation from hydrogen, exhaust heat from fuel cells (re-
electrification) might as well be used for dehydrogenation [121]. Fuel cells of several types exist, 
but low-temperature fuel cells (i.e. polymer electrolyte fuel cells and phosphoric acid fuel cells) are 
not applicable in such a temperature region. Accordingly, only high-temperature fuel cells (i.e. 
molten carbonate fuel cells and solid oxide fuel cells) are combined with organic hydride systems 
for central power generation under the status quo. 
The lower reaction temperature can reduce energy consumption and can enable recovery of 
lower-grade heat during dehydrogenation [121, 129-131]. Two general schemes exist to achieve 
low-temperature dehydrogenation. First is the introduction of heteroatom(s) such as nitrogen (N) 
into cyclic organic ring(s). Dehydrogenation of hetero-rings requires lower enthalpy gain than with 
“pure” cycloalkane [122]. However, N-containing cycloalkanes have some important shortcomings: 
lower H2 gravimetric densities and melting points at high temperatures [122]. The other scheme is 
exceeding equilibrium limitations at low temperatures. Low temperature dehydrogenation has been 
attempted to exceed severe equilibrium limitations using catalytic membrane reactors [132–136], 
liquid-film type catalysts [137–140], and wet-dry-multiple phase conditions [141, 142]. General 
concepts related to them have been separating products i.e. hydrogen and aromatics from the 
reaction field. Although those concepts are quite reasonable, no system has reached the 
demonstration phase. Therefore, some room for improvement exists for brand-new methods of low-
temperature MCH dehydrogenation. 
 
1.4 Utilization of Surface Ionics in an Electric Field during Catalytic Reaction 
An adequate rate of chemical reaction depends on the features of chemical processes (e.g., 
process scale and latter processes) in which the reaction is used. Because rate constant k is 
determined by frequency factor A, the apparent active energy Ea, and reaction temperature T, lower 
activation energy and higher reaction temperature generally engender a higher reaction rate. The 
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activation energy can be reduced by catalysis, which renders a different reaction path with lower 
apparent activation energy for the rate limiting step. Although a lower reaction temperature is 
beneficial for reducing energy consumption, utilization of low-grade heat, and catalytic stability, it 
is still challenging in many cases to achieve a high reaction rate at a low temperature. Therefore, 
many attempts have been undertaken in the low temperature region using microwaves, 
photochemistry, electrochemistry, plasma, or an electric field application on a catalyst [143]. 
Reportedly, electric field addition achieved high catalytic activity and selectivity during several 
catalytic reactions conducted at lower temperatures. 
 
1.4.1 Ammonia Synthesis in an Electric Field 
Because of its exothermic nature, ammonia synthesis is conducted at a temperature of around 
773 K despite thermodynamic limitations at high temperatures. [144]. Reactant gases N2 and H2 are 
pressurized at around 20.3 MPa to overcome such limitations. Therefore, lowering the reaction 
temperature saves a considerable amount of energy during the reaction. R. Manabe et al. reported 
that a 9.9 wt%Cs/5.0wt%Ru/SrZrO3 catalyst achieved a 30,099 μmol g-cat-1 h-1 of maximum 
ammonia synthesis rate (i.e. high rate) with electric field addition [144]. According to their results 
related to in-situ IR measurements (IR measurement in the electric field addition), formation of N2H 
was confirmed in the electric field [144, 145]. They concluded that the electric field induced proton 
hopping on the support SrZrO3, and that it accelerated proton converted N2 to N2H over supported 
Ru metal [144, 145]. The apparent activation energy decreased from 121 kJ mol-1 to 37 kJ mol-1 
because of the dissociation reactivity of N2H rather than N2 [144, 145]. Proton conductivity was 
also confirmed on a Co/Ce0.5Zr0.5O2 catalyst during ammonia synthesis in an electric field [146]. 
The rate limiting step of ammonia synthesis is well known to be dissociation of adsorbed N2 
molecules. Consequently, formation of the proton-derived specie facilitated the rate limiting step of 
ammonia synthesis with electric field addition. 
 
1.4.2 Catalytic Reforming in an Electric Field 
Catalytic steam reforming, an endothermic reaction, is generally conducted at high temperatures 
of 973–1173 K. A catalytic reaction occurring at such high temperatures entails some important 
issues related to the necessity for multiple heat exchangers and the aggregation of active metals. At 
lower temperatures, steam reforming of several raw materials (e.g., methane [147–150], methanol 
[151], dimethyl ether: DME [152]) has been accomplished in an electric field. Platinum-supported 
or palladium-supported CeO2 or CeXZr1-XO2 catalysts were used during such low temperature steam 
reforming in the electric field. Y. Sekine et al. reported that methane steam reforming proceeded at 
423 K with 3 mA of electric field application (i.e., methane conversion was 10.5% on 1wt%Pt/CeO2, 
6.8% on 1wt%Pd/CeO2, 15.0% on 1wt%Rh/CeO2 and 14.5% on 10wt%Ni/CeO2) [147]. Methane 
steam reforming has been investigated mostly in an electric field [148–150]. Manabe et al. clarified 
that a surficial proton hopping phenomenon activated methane dissociation over Pd/CeO2 catalyst 
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[149, 153]. In addition, Okada et al. reported that reaction rates of methane steam reforming in the 
electric field were higher when deuterium-containing isotopes i.e. CD4 and D2O were introduced 
compared to methane (CH4) and steam (H2O) [150]. Accordingly, an “inverse” kinetic isotope effect 
(KIE) was confirmed during steam reforming in the electric field, which suggested that the reaction 
was promoted in the electric field by accelerated protons [150]. The electric field promoted the 
catalytic reaction with surficial ionics at especially low temperatures. 
In addition, tri-reforming and dry reforming of methane have been conducted in an electric field 
over Ni supported 10 mol%La-ZrO2-based catalyst [154, 155]. In the case of tri-reforming, a lower 
reaction temperature and Mg addition suppressed methane combustion [154]. T. Yabe et al. 
described that methane was activated with surficial protonics through the reactions, even in water-
lean conditions [154, 155]. Results show that the catalysts exhibited dry reforming or tri-reforming 
activity below 473 K [154, 155]. Lower temperatures suppressed coke by-production from methane, 
which was crucially important for catalytic stability during the reaction [155]. 
As described above, electric field application promoted catalytic reactions with activation of 
the catalyst itself and surficial ionics (e.g., proton or mobile oxygen species). The reaction 
mechanisms can be ascertained from conditions such as reactants, products, and catalytic designs. 
Further studies and developments might lead to the development of higher efficiency processes such 
as lower Faraday constants and energy balance. Electric field application for catalysis is a promising 
method to conduct a reaction at lower temperatures. 
 
1.5 Catalytic Hydrogen Production from Cyclic Hydrocarbons using Surface 
Ionics 
Steam reforming of aromatics and dehydrogenation of methylcyclohexane (MCH) has attracted 
much attention for hydrogen synthesis from unconventional resources and hydrogen extraction from 
hydrogen carriers, respectively. In the case of steam reforming of aromatics, reactant aromatics tend 
to be converted to coke as a byproduct on the catalytic surface. Generally, a catalyst consists of an 
oxide support and active metals. Consequently, second metal addition e.g. alkali-earth metals and 
lanthanum can promote water dissociation, which is important for gasification of coke precursors 
on the surface [85, 86, 156]. Additionally, the redox property of the support is important because 
mobile lattice oxygen in/on them can facilitate oxidation of hydrocarbons and coke precursors [87–
89]. The lattice oxygen mobility or conductivity requires lattice oxygen vacancies. Consequently, 
the lanthanum (La3+) site of LaAlO3 support was partially substituted with strontium (Sr2+) to form 
vacancies because of electron compensate. Active metal supported La0.7Sr0.3AlO3-δ catalysts were 
used for toluene steam reforming. Moreover, the electric field can promote lattice oxygen mobility. 
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Chapter 2 Steam Reforming of Aromatics using Mobile Lattice 
Oxygen in/on La0.7Sr0.3AlO3-δ Support Perovskite Type Oxide 
 
2.1 Introduction [45] 
The utilization of unconventional resources such as biomass tar and brown coal is substantial 
because of their abundance and omnipresence. Although catalytic steam reforming is a practical 
way for producing hydrogen and carbon monoxide from biomass tar or brown coal, which include 
water and large amounts of aromatic hydrocarbons, these aromatic hydrocarbons are less reactive 
and are liable to form coke on a catalytic surface during a reforming reaction [1]. Therefore, 
controlling coke is extremely important for steam reforming of aromatic hydrocarbons such as 
toluene, phenol, and naphthalene. Many reports of the relevant literature coke have described coke 
suppression during steam reforming reaction. D. L. Trimm reported that secondary metal addition 
to Ni catalyst decreases the coke formation rate during methane steam reforming [2]. Rostrup-
Nielsen described that partial sulfur poisoning of Ni deters coke formation on Ni [3]. These 
blockages of active metal might decrease catalytic activity during the reforming reaction. Therefore, 
coking suppression without catalyst deactivation is desired for steam reforming of aromatic 
hydrocarbons to utilize unconventional resources. 
Lattice oxygen in/on inorganic oxides as a catalyst support can remove formed coke oxidatively 
and can accelerate catalytic reactions with its redox property [4–15]. Djinovic et al. reported that 
lattice oxygen of CeO2-ZrO2 support had high mobility with its defect and prevented coke formation 
even in a dry reforming condition [9]. Kalamaras et al. described that a water–gas shift reaction on 
Pt/CeO2 proceeded with the use of lattice oxygen rather than adsorbed hydroxyl group from steady-
state isotopic transient kinetic analysis (SSITKA) [11]. Previously, we investigated toluene steam 
reforming on Ni/La0.7Sr0.3AlO3-δ [16]. The reaction can be described as shown below. 
 
 C7H8 + 7H2O  → 7CO + 11H2  H0298 = 869.8 kJ mol-1             eq. 2.1 
 CO + H2O  → CO2 + H2  H0298 = - 41.2 kJ mol-1               eq. 2.2 
 
Sr2+ substitution for La3+ generates defects of lattice oxygen to compensate the electron charge and 
to promote lattice oxygen mobility using such vacancies. This lattice oxygen can oxidize surficial 
coke and adsorbed toluene to oxygenates on La0.7Sr0.3AlO3-δ support according to IR measurements 
and SSITKA [17–20]. Furthermore, La0.7Sr0.3AlO3-δ support shows anchoring effects on Ni species 
maintaining high dispersion of Ni metal particle [21]. These characteristics i.e. redox property and 
anchoring effect of La0.7Sr0.3AlO3-δ simultaneously support achievement of both coke suppression 
and higher catalytic activity. In addition, perovskite-type oxides show interesting characteristics 
during in many catalytic systems [22-26]. 
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Steam reforming reaction is performed over Ni metal [6, 7, 27-33] more extensively than Co [8, 
10, 34, 35], Fe [36], Cu [37], and noble metals (Rh, Pd, Pt, and Ir) [38] because of its lower cost 
and high activity [1]. In contrast, Ni supported catalysts tend more to be deactivated by coke 
formation during steam reforming [39]. Generally, Co-supported catalysts produce less byproduct 
such as coke and methane. For that reason, Co is more preferred for steam reforming of oxygenates 
[40-44]. We uncovered lattice oxygen of La0.7Sr0.3AlO3-δ support converted toluene to oxygenates 
intermediates during toluene steam reforming [17, 39]. For these studies, Ni and Co metals were 
supported on La0.7Sr0.3AlO3-δ support and other various perovskite-type oxides to elucidate 
functions of catalyst supports more specifically [20, 39, 45]. 
 
2.2 Experimental [20, 39, 45] 
2.2.1 Catalyst Preparation of Ni Supported Catalysts 
Perovskite-type oxide (La0.7Sr0.3AlO3-), used as a support in this experiment, was prepared 
using the citric acid complex method. First, precursors such as La(NO3)3 • 6H2O, Al(NO3)3 • 9H2O, 
and Sr(NO3)2 were measured and dissolved in 100 ml water. Then ethylene glycol and citric acid 
solution were mixed with the precursor solution. The mixed solution was heated at 353 K for 20 h, 
then the obtained powder was dried at 473 K and calcined at 1073 K for 10 h. To control the specific 
surface area of the catalyst support, further sequential calcination was conducted at 1073, 1173, 
1273, or 1373 K for 1 h. The impregnated sample was calcined at 1073 K for 1 h at the heating rate 
of 5 K min-1 in a muffle furnace. 
To elucidate the role of the metallic surface area of supported Ni, other catalysts were prepared 
by changing the calcination temperature of Ni to 1073 K, 1173 K, 1273 K, or 1373 K, whereas the 
support was calcined at 1373 K. First, 5wt%Ni was loaded on the resulting perovskite-type oxide 
using a wet-impregnation method. In this method, LSAO was soaked in 15 mL of water for 2 h 
using an evaporator and deaeration. Subsequently, Ni(NO3)2 • 6H2O (Kanto Chemical Co. Inc.) as 
a precursor of Ni was added with 10 mL of water and dissolved for 2 h using an evaporator. This 
solution was dried. Then the obtained powder was calcined as described above. The obtained 
catalyst was sieved to produce particles of 250–500 m diameter. 
 
2.2.2 Catalyst Preparation of Co Supported Catalyst 
Ten perovskite-type oxide catalyst supports including La ion and Sr ion (La0.7Sr0.3AlO3-δ 
(LSAO), La0.7Ca0.3AlO3-δ (LCAO), La0.7Ba0.3AlO3-δ, LaAlO3, Sr/LaAlO3, LaAl0.7Zn0.3O3-δ, SrTiO3, 
SrTi0.7Fe0.3O3-δ, SrZrO3, and SrCe0.5Zr0.5O3-δ) were prepared using the citric acid complex method 
as described in Section 2.2.1. More details related to the citric acid complex method were explained 
elsewhere [16-18, 39, 45]. The obtained perovskite-type oxide supports were impregnated with a 
solution of cobalt (II) nitrate (Kanto Chemical Co. Inc.). Later, it was dried and calcined at 1073 K 
for 1 h. The Co impregnations were conducted similarly to the procedure used in Ni catalyst as 
shown in section 2.2.1 [39, 45]. However, calcined temperature was set at 1073 K [39, 45]. Related 
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to Sr/LaAlO3, 1.3wt% of Sr was impregnated on LaAlO3. Then Co metal was impregnated 
sequentially to consider role of Sr “in” or “on” the support differentially. Strontium nitrate was 
adopted as a Sr precursor. The size of the obtained catalyst was adjusted to 250–500 μm with sieving. 
 
2.2.3 Activity Test 
Catalyst activity tests were conducted in a tubular reactor, in which 25 mg of catalyst was 
charged into a fixed bed and diluted with SiO2. After pre-reduction at 1073 K, toluene steam 
reforming was conducted at 873 K in the gas consist of 1.5%C7H8 : 21%H2O : 5%Ar : 72.5%He 
vol% (total flow rate: 200 mL min-1) for 180 min. In such experimental conditions, the effect of 
mass transportation was negligible, as confirmed by our preliminary experiments. The product gas 
of this reaction was measured using GC-FID (GC-8A; Shimadzu Corp.) and GC-TCD (GC-8A; 
Shimadzu Corp.). Toluene conversion and H2 yield were defined with a toluene feed rate (mmol s-
1) and the following formation rate of products: rCO (mmol s-1) for CO, rCH4 (mmol s-1) for CH4, rCO2 
(mmol s-1) for CO2, rH2 (mmol s-1) for H2. 
 
 Toluene conversion (%) = (rCO + rCH4 + rCO2) / (C7H8 feed rate × 7) × 100    eq. 2.3 
 H2 yield (%) = rH2 / (C7H8 feed rate × 18) × 100                 eq. 2.4 
 
After the reaction for 180 min, the amount of deposited carbon was measured using temperature 
programmed oxidation (TPO) measurements using a thermogravimetry. The temperature was 
increased from 298 K to 1173 K at 10 K min-1 in the gas composition of 90%N2 : 10%O2 vol% (total 
flow rate: 200 mL min-1). 
 
2.2.4 H218O Steady-State Isotopic Transient Kinetic Analysis (SSITKA) 
To evaluate the lattice oxygen mobility on the Co-supported catalysts, steady-state isotopic 
transient kinetic analyses were conducted. Detailed information related to this analysis has been 
described elsewhere [16, 18–20, 39]. Isotopic water, H218O was introduced with gas composition of 
1.5%C7H8: 6.3%H216O: 14.7%H218O: 5%Ar: 72.5%He vol%, total flow rate of 200 mL min-1, to 
exchange lattice oxygen in/on the perovskite-type oxide supports by 18O. After purging with Ar/He 
gas, the second reaction was conducted in the gas consisting of 1.5%C7H8: 21%H216O: 5%Ar: 
72.5%He vol%, and total flow rate of 200 mL min-1. Products of the second reaction were monitored 
using a quadrupole mass spectrometer (Q-Mass, HPR20; Hiden Analytical Ltd.). The observed 
signals of m/e were 2(H2), 4(He), 15(CH4), 18(H2O), 20(H218O), 28(CO), 30(C18O), 40(Ar), 
44(CO2), 46(C16O18O), 48(C18O2), 78(C6H6), and 91(C7H8). The effect of Ar++ (m/z = 20) signal to 
H218O was negligible in this condition [16, 18–20, 39]. The lattice oxygen release rates were defined 
as the differentiated slope of total flow rates of isotope C1 gas products i.e. 30(C18O), 46(C16O18O), 




 Lattice oxygen release per perimeter [10-8 mol m g-1 sec-1] = 
 lattice oxygen release rate [mol sec-1] / Co-support perimeter [108 m g-1]    eq. 2.5 
 
Total amount of release lattice oxygen is based on the total detected amount of isotope C1 gaseous 
products, i.e. 30(C18O), 46(C16O18O), and 48(C18O2) during SSITKA. 
 
2.2.5 OH Dissociation Rate Analysis using 18O2 
Dissociation rates of OH bond on Co-supported catalysts were calculated using 18O2, isotopic 
oxygen. First, each catalyst was reduced for 30 min at 1073 K introducing gas consisting of 10%H2: 
90%Ar vol%. After 30 min purging with Ar/He gas, 18O2 gas was introduced to fill the lattice oxygen 
vacancy with 18O. To remove surficial or gas phase isotopic oxygen, Ar/He gas was introduced 
again. After all these operations, OH dissociation rates were measured with gas consisting of 
21%H216O: 5%Ar: 74%He vol%, total flow rate of 200 mL min-1. OH dissociation rates were 
calculated from the formation rate of H218O that was synthesized from gas phase H216O and 18O 
lattice oxygen species in and on perovskite supports. OH dissociation per perimeter and total amount 
of dissociated OH were calculated by the detected amount of H218O during SSITKA. 
 
2.2.6 Fourier Transform Infrared (FT-IR) Measurement 
Adsorbing features of toluene and reaction intermediates on the Co/LSAO catalyst were 
examined using a Fourier transform infrared spectrometer (FT/IR-6100; Jasco Corp.). A previous 
report has described details of the procedures of this measurement [17]. The Co/LSAO catalyst was 
shaped to a 20 mm disk. After pre-reduction at 1073 K and background measurement at 323 K, 
the feed gas was introduced through a bubbler within 2 mL min-1 (gaseous) of toluene feed rate, 
then it was purged with N2 gas [17]. Subsequently, the IR cell was heated and kept at 373, 473, 573, 
673, 773, and 873 K for 10 min independently in N2 gas. After each heating operation, the cell was 
cooled to 323 K. Then the IR spectrum was measured. Figures in a previous report present a 
comprehensive view of the relevant spectra [17]. 
 
2.2.7 Evaluating the Reaction Mechanism on Co Supported LSAO Catalyst 
The apparent activation energy of toluene steam reforming on Co/LSAO was estimated using 
Arrhenius plots. Activity tests were conducted at temperatures of 723–923 K. The loaded amount 
of catalyst was decreased to 10 mg for obtaining kinetic values. The reaction rate was calculated 
from the formation rate of CO, CO2, and CH4 analyzed with GC-FID (GC-8A; Shimadzu Corp.). 
Partial pressure dependences of the reaction rates on H2O and toluene on the Co/LSAO catalyst 
were measured at each temperature: 748 K and 898 K. The feed gas composition was C7H8 : H2O : 
Ar : He = 1.5 : (15, 21 or 27) : 5 : (78.5, 72.5 or 66.5) vol% (total flow rate: 200 mL min-1) and 
C7H8 : H2O : Ar : He = (1, 1.5 or 2) : 21 : 5 : (73, 72.5 or 72) vol% (total flow rate: 200 mL min-1) 
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independently. Reaction rates were calculated from the formation rates of CO, CO2, and CH4 
analyzed with GC-FID (GC-8A; Shimadzu Corp.). 
 
2.2.8 Catalyst Structure Analysis 
X-ray diffraction measurements (RINT-2000; Rigaku Corp.) were conducted to confirm 
perovskite-type structures of obtained supports with Cu K X-ray radiation of 40 kV at 20 mA. It 
was affirmed that all obtained catalyst supports had a perovskite structure. Supported Co metal 
particle sizes were measured using scanning transmission electron microscopy (STEM; HF-2210; 
Hitachi Ltd.). More details related to this STEM measurement have been explained in our earlier 
reports [19, 20, 39, 45]. More than a hundred metal particle diameters were obtained on each Co-
supported catalyst with hemisphere approximate measuring major axis and minor axis of ellipsoid-
shaped particles [39, 45]. Afterward, the most frequent value in a distribution chart of particle 
diameters was regarded as a mean particle diameter on each catalyst [39, 45]. The total metallic 
surface area (m2 g-1) and metal-support perimeter (m g-1) were calculated under the assumption that 
each particle had the same diameter, i.e. the modal particle diameter: the most frequent value [39, 
45]. The specific surface area of support was measured using the BET method (Gemini VII; 
Shimadzu Corp.). Adsorbed water was removed in Ar at 523 K for 2 h. Then N2 was adsorbed at 77 
K. 
 
2.2.9 X-ray Photoelectron Spectroscopy (XPS) Measurements 
XPS measurements (VersaProbe2; ULVAC-PHI, Inc.) were conducted with Al K X-ray 
source. The binding energies were referenced to the C1s peak at 284.8 eV. Measured elements were 
Co (2p orbital), La (3d orbital), Al (2p orbital), and O (1s orbital). Spectra for Co 2p orbital and Ba 
3d orbital were overlapped. Therefore, results of Co (2p orbital) on La0.7Ba0.3AlO3-δ were dismissed. 
 
2.3 Results & Discussions [20, 39, 45] 
2.3.1 Effect of Catalyst Structure on Steam Reforming of Toluene over Ni/La0.7Sr0.3AlO3-δ 
Catalyst [20] 
2.3.1.1 Effect of Calcination Temperature of Perovskite Support or Ni on the Catalyst 
Structure 
We prepared two series of Ni/ La0.7Sr0.3AlO3-δ (LSAO) catalyst. One was varied in calcination 
temperature for LSAO support (1073, 1173, 1273, or 1373 K) and fixed in calcination temperature 
for supported Ni at 1073 K. The calcination temperature of the other was varied for supported Ni 
(1073, 1173, 1273 or 1373 K) and the calcination temperature of LSAO support was fixed at 1373 
K. From here, two series are denoted as Ni/LSAO (calcination temperature for Ni/calcination 
temperature for LSAO support), for example, Ni/LSAO (1073/1373). 
First, we investigated the catalyst structure for the series of Ni/LSAO (1073/1073, 1173, 1273, 
or 1373). Figure 2.1 shows STEM images of this series. The Ni particle location was confirmed 
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using EDX. Figure 2.2 shows the Ni particle size distribution obtained from STEM measurements. 
From this size distribution, the mean area diameter was calculated. The values of Ni/LSAO 
(1073/1073), Ni/LSAO (1073/1173), Ni/LSAO (1073/1273), and Ni/LSAO (1073/1373) were, 
respectively, 12.8 nm, 14.2 nm, 14.9 nm, and 13.8 nm. The calcination temperature of Ni was the 
same at 1073 K in this series, so the Ni particle sizes were similar values for these catalysts. The 
BET-specific surface area of support was also evaluated. The values of LSAO support calcined at 
1073 K, 1173 K, 1273 K, and 1373 K were, respectively, 9.1 m2 g-1, 6.8 m2 g-1, 7.0 m2 g-1, and 2.1 
m2 g-1. By increasing the calcination temperature of the LSAO support, the BET-specific surface 
area of the LSAO support decreased. Figure 2.3 shows XRD patterns for bare LSAO supports 
calcined at 1073 – 1373 K. Perovskite structures were retained in each calcination temperature. 
Next, we investigated the catalyst structure for the series of Ni/LSAO (1073, 1173, 1273, or 
1373/1373). Figure 2.4 shows STEM images of this series. Figure 2.5 shows the Ni particle size 
distribution. The mean area diameters of Ni/LSAO (1073/1373), Ni/LSAO (1173/1373), Ni/LSAO 
(1273/1373), and Ni/LSAO (1373/1373) were, respectively, 13.8 nm, 25.3 nm, 43.3 nm, and 125.7 
nm. By increasing calcination temperature for supported Ni, Ni particle size increased drastically 
compared to the case of varying calcination temperature of LSAO support. 
 
2.3.1.2 Effect of Catalytic Structure of Ni/LSAO on Catalytic Activity and Coke Formation 
In the preceding section, STEM measurements of a series of Ni/LSAO varied in calcination 
temperature for supported Ni revealed that the Ni calcination temperature affects the Ni particle size. 
Additionally, it was confirmed that the specific surface area of the support depends on the 
calcination temperature of the support from BET measurement on the other series of Ni/LSAO 
varied in calcination temperature for support. Here, activity tests and isotopic transient tests were 
performed over both series of Ni/LSAO catalyst to investigate the catalytic features of Ni/LSAO. 
Table 2.1 presents data related to catalytic structures and the results of activity tests. In this 
experiment, selectivity to by-products aside from CO, CO2, H2, and carbon (i.e. CH4, benzene, etc.) 
were extremely low (<0.1%) [19]. By increasing the calcination temperature of support from 1073 
K to 1373 K, toluene conversion and hydrogen yield were, respectively, in the range of 53.0%–
49.9%, and 47.3%–41.9%. Furthermore, carbon deposition changed in the range of 9.3 and 29.9 mg 
g-cat-1. In contrast, by increasing the calcination temperature of supported Ni from 1073 K to 1373 
K, the toluene conversion and hydrogen yield decreased respectively from 49.9% to 4.7% and from 
41.9% to 4.1%. Carbon deposition increased significantly from 29.9 mg g-cat-1 to 111.1 mg g-cat-1. 
Table 2.2 presents the lattice oxygen release rate over each catalyst using isotope transient test. 
The release rate of lattice oxygen is calculated with the time derivative of the total released 18O 
amount (amount of C18O + amount of C16O18O + amount of C18O2 ×2) in an initial few seconds of 
the reaction. The release rate of lattice oxygen was diminished from 2.66 mol min-1 to 1.60 mol 
min-1 by the increase of calcination temperature for support. Similarly, the release rate of lattice 
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oxygen was diminished from 1.60 mol min-1 to 0.57 mol min-1 by the increase of calcination 
temperature for supported Ni. 
Based on these results, the lattice oxygen release rate depends on the specific surface area of 
the support and interface between the Ni and support. The high surface area of supports accelerates 
the exchange of lattice oxygen through the redox cycle during the steam reforming reaction. 
Furthermore, a larger interface between Ni and support enables rapid lattice oxygen release. When 
the lattice oxygen release rate was higher, catalytic activity was higher and carbon deposition was 
lower for each series of Ni/LSAO varied in calcination temperature of support or supported Ni. 
These results show that lattice oxygen plays an important role in the activation of toluene and 
removal of carbon deposition on supported Ni. 
The turnover frequency was calculated based on the number of surficial Ni sites and the reaction 
rate. Turnover frequencies of Ni/LSAO (1073/1373), Ni/LSAO (1173/1373), Ni/LSAO 
(1273/1373), and Ni/LSAO (1373/1373) were, respectively, 4.66 s-1, 8.10 s-1, 10.0 s-1, and 3.90 s-1. 
Figure 2.6 shows the relation between the diameter of Ni particle and the calculated turnover 
frequency for a series of Ni/LSAO varied in calcination temperature of supported Ni. Similarly, site 
reactivity of the perimeter was calculated with the perimeter of Ni particles and the reaction rate. 
Figure 2.7 demonstrates the relation among Ni particle diameter, site reactivity of the perimeter and 
C1 yield for each catalyst. According to Figure 2.6 and Figure 2.7, sites on the Ni surface and sites 
along the Ni-support interface are not equivalent. The Ni-support interface has higher activity than 
the other surfaces and the reaction proceeds with the redox mechanism [11, 46–48]. Increase of the 
Ni particle size decreases the metal–support perimeter against the metallic surface area. 
Consequently, Ni/LSAO (1373K/1373K) catalyst exhibited lower turnover frequency. 
The release rate of lattice oxygen per perimeter was deliberated with 18O release rate from 
isotope transient test and the Ni particle perimeter. Figure 2.8 shows the release rate of 18O per unit 
of perimeter length and total release rate of 18O for each Ni particle diameter. The value of the 
release rate of lattice oxygen per perimeter increased as the Ni particle diameter increases. This 
relation is attributable to the fact that the interaction of metal and support becomes weaker by the 
increase of the metal particle size. Figure 2.9 shows the results of H2-TPR measurement over a 
series of Ni/LSAO varied with calcination temperature of Ni (1073, 1173, 1273 or 1373 K). Ni 
particles calcined at higher temperature were reduced at lower temperature, since the interaction 
with the support is weaker [48–50]. However, a large Ni particle is disadvantageous at the point of 
total length of the Ni-support perimeter, which was also confirmed in Figure 2.7 and Figure 2.8, and 
a correlation exists between lattice oxygen mobility and catalytic activity. 
Figure 2.10 specifies the relation between Ni particle size and coke formation per the metallic 
surface. Increase of the Ni particle size derives a larger value of coke formation per unit of surficial 
Ni area. D. L. Trimm described that an ensemble of surficial Ni sites induces coke formation [2]. 
Therefore, larger Ni particles form carbon deposits more easily. Furthermore, if an excess of highly 
reactive monoatomic carbon (C) exists, then polymerization occurs and forms less reactive carbon 
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(C) [2]. Smaller Ni particles are important in terms of both the coke formation rate by the Ni site 





Figure 2.1 STEM images of Ni/LSAO catalysts. Calcination temperatures of supports: (a) 1073 K, 
















Figure 2.2 Ni particle size distribution on Ni/LSAO catalysts. Calcination temperatures of supports: 
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Figure 2.3 XRD patterns for Ni/LSAO catalysts with calcination of support at various temperatures. 
 
 




















Figure 2.4 STEM images of Ni/LSAO catalysts. Calcination temperatures of Ni: (a) 1073 K, (b) 
















Figure 2.5 Ni particle size distribution on Ni/LSAO catalyst. Calcination temperatures of Ni: (a) 
1073 K, (b) 1173 K, (c) 1273 K, and (d) 1373 K. The calcination temperature of the support was 
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Figure 2.6 Correlation between Ni particle size and turnover frequency (TOF) on Ni/LSAO catalysts 



















Figure 2.9 TPR measurements over Ni/LSAO catalyst. Calcination temperatures of Ni: (a) 1073 K, 








































































































Figure 2.10 Correlation between Ni particle size and coke formation per metallic surface area on 
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Table 2.1 Effects of calcination temperature of support or Ni on the catalytic activity and the 
structure of catalyst: calcination temperature of Ni was fixed at 1073 K for the upper case, and 
calcination temperature of the support was fixed at 1373 K for the lower case. 
 
 
Table 2.2 Release rate of lattice oxygen in steam reforming of toluene on Ni/LSAO catalyst: 
*, calcination temperature of Ni; **, calcination temperature of support. Reaction conditions: 873 
K reaction temperature, S/C = 2.0, W/F = 0.393 g-cat h mol-1. 
Calcination 
temperature / K 
Release rate of 18O / 
mol min-1 
Specific release rate of 18O 
/ mol min-1 g-1 
1073* 1.60 64.0 
1173* 1.49 59.6 
1273* 1.48 59.2 
1373* 0.57 22.8 
1073** 2.66 106 
1173** 2.51 100 
1273** 2.60 104 
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/ K / K / m2 g-1 / nm / m2 g-1 / 108 m g-1 / % / % / mg g-cat-1 
1073 
1073 
9.1 12.8 1.92 3.00 53.0  47.3  15.0 
1173 6.8 14.2 1.73 2.44 53.7 44.9  9.3 
1273 7.0 14.9 1.65 2.21 53.7 45.8  14.8 
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/ K / K / m2 g-1 / nm / m2 g-1 / 108 m g-1 / % / % / mg g-cat-1 
1373 
1073 2.1 13.8 1.78 2.58 49.9  41.9  29.9  
1173 2.1 25.3 0.97 0.77 47.3 40.1  59.7 
1273 2.1 43.3 0.57 0.26 34.4 26.5  70.7 




2.3.2 Highly Active and Stable Co/La0.7Sr0.3AlO3- Catalyst for Steam Reforming of Toluene 
[39] 
2.3.2.1 Catalytic Activity and Coke Formation on Co/LSAO 
Toluene steam reforming was conducted over 5, 10 and 15wt%Co/La0.7Sr0.3AlO3-δ (LSAO) 
catalysts under the following conditions: GHSV ca. 12,000 h-1, S/C = 2.0, reaction temperature 873 
K. Figure 2.11 shows time course of the catalytic activities for these three catalysts, and Table 2.3 
shows the H2 yield and carbon deposition after the reaction over these catalysts. For better 
comparison, the catalytic activity of Ni/LSAO under the same reaction conditions [20] is also 
depicted in Figure 2.11. According to these results, Ni/LSAO was deactivated during 180 min of 
toluene steam reforming, whereas Co/LSAO catalysts show stable activity in this reaction. 
Particularly, 10wt%Co/LSAO performed higher steady-state activity compared to the previously 
reported Ni/LSAO catalyst [20]. In addition, hydrogen yields were also higher on Co/LSAO 
catalysts because methane formation as a byproduct occurred only slightly on Co/LSAO. 
Hereinafter, the stable catalytic activities of Co/LSAO catalysts are examined.  
Table 2.3 presents the amounts of carbon deposition after 180 min of the reaction. On 
5wt%Co/LSAO catalyst, deposited carbon was undetectable thanks to the high coke suppression 
ability of the catalyst. The amounts of coke on 10wt% and 15wt%Co/LSAO were, respectively, 
22.1 mg g-cat-1 and 8.9 mg g-cat-1. Amounts of formed coke stayed low on Co/LSAO catalysts 
despite increasing of metal loading. Therefore, it can be said that Co metal hardly forms coke during 
this reforming reaction. Ni/LSAO forms much coke on the catalyst after the reaction, and the 
amounts are 57 mg g-cat-1 for 5wt%Ni/LSAO, 450 mg g-cat-1 for 10wt%Ni/LSAO and 1000 mg g-
cat-1 for 15wt%Ni/LSAO [16]. Better stability of the catalytic activity on Co/LSAO than on 
Ni/LSAO is confirmed by other methods in latter sections. 
 
2.3.2.2 Redox Property and Catalytic Structure of Co/LSAO 
The redox property of lattice oxygen is important when using LSAO as a catalytic support [16–
20]. For this reason, isotopic transient response tests were conducted over each Co/LSAO catalyst 
under the same condition to activity tests: the reaction temperature was 873 K. Figure 2.12 shows 
the transient response curves of 18O compounds on these catalysts. The resultant release rates and 
release amounts of lattice oxygen are summarized in Table 2.4. The release rates of lattice oxygen 
were 1.09 mol s-1, 2.93 mol s-1 and 2.08 mol s-1 on 5wt%, 10wt% and 15wt%Co/LSAO, 
respectively. Simultaneously, release amounts of lattice oxygen were 18.9 mol, 59.3 mol and 
38.6 mol on 5wt%, 10wt% and 15wt%Co/LSAO, respectively. In the case of 5wt%Ni/LSAO 
catalyst, the release rate and release amount of lattice oxygen were 2.66 mol s-1 and 71.4 mol, 
respectively, which were reported in elsewhere [20]. Also, increasing of oxygen release rate brought 
higher activity and stability on the Ni/LSAO [20]. From obtained results, Co/LSAO catalysts 
showed high redox properties and there was a correlation between the redox properties and catalytic 
activities/selectivities like as Ni/LSAO catalyst. 
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Catalyst structures were investigated for 5wt%, 10wt% and 15wt%Co/LSAO. Figure 2.13 
shows STEM images of these catalysts, on which the location of Co metals was confirmed using 
EDX (not shown). Table 2.5 shows the calculated mean particle size, metallic surface area, and the 
metal–support perimeter of Co/LSAO catalysts from such measurements. The mean particle sizes 
of Co were 17.5 nm, 17.5 nm and 32.5 nm on 5wt%, 10wt% and 15wt%Co/LSAO, respectively. 
The calculated metallic surface areas of 5wt%, 10wt% and 15wt%Co/LSAO were, respectively, 
1.43 m2 g-1, 2.87 m2 g-1 and 2.31 m2 g-1. Additionally, the metal–support perimeters of 5wt%, 10wt% 
and 15wt%Co/LSAO were, respectively, 1.64 × 108 m g-1, 3.27 × 108 m g-1 and 1.42 × 108 m g-1. 
These results show that 10wt%Co/LSAO has the largest Co surface area and the longest Co-support 
perimeter. Therefore, 10wt%Co/LSAO showed better redox property and catalytic activity 
compared to 5wt% and 15wt%Co/LSAO. 
 
2.3.2.3 Surficial Adsorbents and Stable Catalytic Activity on Co/LSAO 
The Co-supported LSAO catalysts were not deactivated during toluene steam reforming. Its 
stability might be related to coke formation, catalytic structures, or redox characteristics. Our 
previous report described that toluene adsorbed and converted to reaction intermediates on LSAO 
support [19]. Accordingly, the adsorption property was investigated on Co/LSAO catalyst using 
FT–IR measurements. This measurement was conducted using 5wt%Co/LSAO for comparison with 
5wt%Ni/LSAO. The resultant spectra obtained at temperatures of 323–873 K are depicted in Figure 
2.14. Two peaks were observed at 1400 and 1478 cm-1 on the Ni/LSAO catalyst from 573 K to 873 
K. These peaks are assigned to COO asymmetric stretching and C–C vibration [19]. These results 
suggested that toluene was adsorbed and converted to oxygenate intermediates on LSAO support. 
On the Co/LSAO catalyst, similar peaks to the case of Ni/LSAO catalyst [19] were observed at 1398 
and 1471 cm-1 at temperatures of 573–773 K. Possibly, the same oxygenate intermediates were 
formed on Co/LSAO catalyst to Ni/LSAO. On the other hand, peaks indicating adsorbed reaction 
intermediates existed on Ni/LSAO, although those peaks disappeared on Co/LSAO at the reaction 
temperature of 873 K. Thereby, intermediate adsorbents are more reactive and easy to desorb on 
Co/LSAO catalysts so that Co/LSAO shows stable catalytic activities. 
 
2.3.2.4 Reaction Mechanism of Toluene Steam Reforming on Co/LSAO 
FT–IR measurements revealed adsorption properties on Co/LSAO catalyst, which are important 
for consideration of stable catalytic activity during toluene steam reforming. The reaction 
mechanism of surficial adsorbent on Co/LSAO was studied in greater detail with Arrhenius plots, 
transient response tests, and partial pressure dependences. Figure 2.15 presents Arrhenius plots for 
toluene steam reforming over 10wt%Co/LSAO. The apparent activation energy changed at around 
848 K. The obtained apparent activation energy was 31.6 kJ mol-1 in the higher temperature region 
(above 848 K) and 131.6 kJ mol-1 in the lower temperature region (below 848 K). 
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Arrhenius plots showed that the rate determining step changed at around 848 K. Therefore, 
transient response tests were conducted respectively in the higher temperature range and in the lower 
temperature range. Figure 2.16 presents transient response curves for 18O compounds in both 
regions. Additionally, Table 2.4 explains release rates and amounts of lattice oxygen calculated 
from such response curves in both temperature ranges. The lattice oxygen release rate was 2.88 
mol s-1 and 1.78 mol s-1 in the higher temperature range and in the lower temperature range, 
respectively. Furthermore, the release amount of lattice oxygen was 46.2 mol in the higher 
temperature range and 23.9 mol in the lower temperature range. Specifically, the calculated values 
differed between two regions. However, Figure 2.16 depicts that Co/LSAO had redox property both 
below and above 848 K. Consequently, the change of apparent activation energy between higher 
and lower temperature ranges was not attributable to whether the surface redox reaction participates 
the total reaction or not. 
To elucidate adsorption properties and changed apparent activation energy, partial pressure 
dependences of toluene and steam were analyzed on 10wt%Co/LSAO catalyst. Resultant data are 
shown for the higher temperature region and the lower temperature region in Figure 2.17. The 
reaction rate of toluene steam reforming (rSR) is defined as follows. 
 
 rSR = k[C7H8]a[H2O]b                              eq. 2.6 
 
In the higher temperature region, this reaction rate depended on toluene partial pressure i.e., a 
= 0.6 and b = -0.13. As described above, adsorbed reaction intermediates are highly reactive and 
desorbed quickly at high temperatures. Therefore, the decomposition of toluene to reaction 
intermediates is probably the rate determining step because the decomposition desorption of 
intermediates is rapid. 
In the lower temperature region, the reaction rate relied both on the partial pressures and 
particularly on steam partial pressure i.e., a = 0.21 and b = 0.59. Below 848 K, reaction intermediates 
remained on catalytic surface, and reaction and desorption of adsorbed intermediates requires 
activation of H2O. This activation might be the rate determining step. Consequently, partial pressure 
of H2O strongly affects the reaction rate of toluene steam reforming at lower temperature. From 
Arrhenius plots and partial pressure dependence of toluene and H2O, desorption rate of adsorbed 
intermediates exceeds the formation rate of them above 848 K, and intermediate adsorbents were 
not detected at 873 K, the reaction temperature. 
Altogether, the reaction mechanism on Co/LSAO catalyst is portrayed in Figure 2.18. The rate 
determining step changed at around 848 K. At temperatures higher than 848 K, no peak assigned to 
adsorbed oxygenate intermediates was observed according to FT–IR measurements. Moreover, the 
reaction rate depended mainly on toluene partial pressures. Therefore, conversion of toluene to such 
oxygenate intermediates (shown in the circle in Figure 2.18) is regarded as the rate-determining step 
because the decomposition desorption of intermediates is fast. 
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At temperatures lower than 848 K, peaks attributable to adsorbed oxygenate intermediates 
remained on the catalyst surface from in situ FT–IR measurements. Furthermore, the reaction rate 
depends on H2O rather than toluene in such a low temperature area. These results suggest that the 
rate-determining step is dissociation of H2O. Then, dissociated species from H2O such as lattice 
oxygen and hydroxyl group react with adsorbed oxygenate intermediates on the Co-support 
interface or Co surface. At the reaction temperature of 873 K, the formed reaction intermediates 






Figure 2.11 Toluene conversions on Co/LSAO catalysts: 5wt%Co/LSAO, 10wt%Co/LSAO, 
15wt%Co/LSAO. Reaction conditions: 873 K reaction temperature, S/C = 2.0, W/F = 0.393 g-cat h 




























Figure 2.12 Formation rates of 18O compounds on (a) 5wt%Co/LSAO, (b) 10wt%Co/LSAO and (c) 
15wt%Co/LSAO. Reaction conditions: 873 K reaction temperature, S/C = 2.0, W/F = 0.393 g-cat h 










































































Figure 2.14 IR spectra during temperature programmed desorption of toluene on (a) 5wt%Co/LSAO 










































































Figure 2.16 Formation rate of 18O compounds on 10wt%Co/LSAO. Reaction conditions: (a) 898 K 
and (b) 823 K reaction temperature, S/C = 2.0, W/F = 0.393 g-cat h mol-1, : C16O18O, : C18O, 












































Figure 2.17 Partial pressure dependences of toluene and H2O over 10wt%Co/LSAO in each 
temperature range: higher and lower than 848 K. 
Higher temperature range: (a-1) toluene and (b-1) H2O at 898 K; Amount of catalyst: 10 mg. 
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Table 2.3 Catalytic activities and the amount of carbon deposition during steam reforming on 
Co/LSAO catalysts.  











Table 2.5 Catalytic structures of Co/LSAO catalysts.  




y p g g
Catalyst Metal loading /wt% Toluene conversion /% H2 yield /% CO yield /%
Co/LSAO 5 40.9 50.0 14.9
Co/LSAO 10 61.3 59.3 26.2
Co/LSAO 15 48.0 54.1 17.5
y p , ,  g
CH4 yield /% CO2 yield /% Selectivity to carbon / %
0.0 26.0 -
0.0 61.3 22.1 0.049
0.0 30.5 8.9 0.025
Carbon deposition /mg g-cat-1
N.D.
Catalyst Metal loading Reaction temp. Release rate of lattice oxygen Release amount of lattice oxygen
/ wt% / K / mol sec-1 / mol
Co/LSAO 5 873 1.09 18.9
Co/LSAO 10 873 2.93 59.3
Co/LSAO 15 873 2.08 38.6
Co/LSAO 10 823 1.78 23.9
Co/LSAO 10 898 2.88 46.2
y y y  [ ] p pp
Catalyst Metal loading /wt% Metal average particle size /nm Metallic surface area /m2 g-1 Metal-support perimeter /108 m g-1
Co/LSAO 5 17.5 1.43 1.64
Co/LSAO 10 17.5 2.87 3.27
Co/LSAO 15 32.5 2.31 1.42
Particle size: mode diameter
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2.3.3 Anchoring Effect and Oxygen Redox Property of Co/La0.7Sr0.3AlO3-δ Perovskite Catalyst 
on Toluene Steam Reforming Reaction [45] 
2.3.3.1 Catalytic Activities and Structures of Co-Supported Catalysts 
Steam reforming of toluene was conducted on several 10wt%Co-supported perovskite-type 
oxide catalysts under the following conditions: GHSV ca. 12,000 h-1, S/C = 2.0, and 873 K reaction 
temperature. Catalytic supports can be classified into two categories: La ion incorporated 
perovskite-type oxides (La0.7Sr0.3AlO3-δ (LSAO), La0.7Ca0.3AlO3-δ (LCAO), La0.7Ba0.3AlO3-δ, 
LaAlO3, Sr/LaAlO3, and LaAl0.7Zn0.3O3-δ) and Sr ion incorporated perovskite-type oxides (SrTiO3, 
SrTi0.7Fe0.3O3-δ, SrZrO3, and SrCe0.5Zr0.5O3-δ). Figure 2.19 presents the time course of the catalytic 
activities of toluene steam reforming for these catalysts. Although Ni-supported catalysts 
deactivated during 180 min of toluene steam reforming reaction [20, 39], catalytic activities are 
stable on all Co-supported catalysts. Amount of carbon deposition was 22.1 mg g-cat-1 on Co/LSAO, 
14.3 mg g-cat-1 on Co/LCAO and no deposited carbon was observed on other catalysts. Also, no 
methane was observed over all Co-supported catalysts, so gaseous products were composed of CO, 
CO2 and H2. Selectivity to products are summarized in supporting information Tables 2.6 and 2.7. 
Ratio of CO to CO2 was higher only over LaAlO3 and SrTiO3 supports. No deactivation occurred 
on all catalysts, especially Co/LSAO catalyst showed stable high activity for 300 min of toluene 
steam reforming (Figure 2.20), i.e. catalytic activity and gaseous product selectivity are quite stable 
for 300 min. Co/SrZrO3 catalyst showed the highest catalytic activity at 180 min of toluene steam 
reforming among Sr-incorporated catalysts. However, catalysts supported on La ion incorporated 
perovskite showed higher activity than those on Sr ion incorporated perovskites, except for 
LaAl0.7Zn0.3O3-δ. Among La-incorporated catalysts, Co/LaAlO3, Co/Sr/LaAlO3 and 
Co/La0.7Ba0.3AlO3-δ showed similar activities, and Co/LSAO, and Co/LCAO indicated higher 
activities compared to those catalysts. Particularly, Co/LSAO catalyst indicated the highest stable 
toluene conversion among these catalysts. 
To evaluate the high activities of Co catalysts supported on La-containing oxide, structures of 
Co-supported catalysts were evaluated using STEM measurements and BET. Figure 2.21 and Figure 
2.22 respectively represent STEM images and histograms of Co metal particles on La-containing 
and Sr-containing oxide support. Data for the obtained mean particle diameters and the BET specific 
surface area are listed in Table 2.8. From these results, the BET specific surface area was scarcely 
relevant to Co metal dispersions. Co metals were highly dispersed on divalent cation doped LaAlO3 
such as LSAO, LCAO, La0.7Ba0.3AlO3-δ, and LaAl0.7Zn0.3O3-δ. These catalysts showed similar mean 
particle size of Co metal, i.e. 17.5, 17.5, 22.5, 22.5 nm respectively. However, LaAlO3 showed no 
anchoring behavior; also, Sr/LaAlO3 indicated larger mean particle size of Co metal than LaAlO3. 
Therefore, the substitution of LaAlO3 with Sr-ion is important for Co-anchoring behavior on Sr-
containing oxide supports; even if there had been lattice oxygen defects such as SrTi0.7Fe0.3O3-δ and 
SrCe0.5Zr0.5O3-δ (Sr-Ti-O support group showed better anchoring behavior than Sr-Zr-O support 
group). As for the anchoring, we also conducted TPR (temperature programmed reduction) of 
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catalysts. Results are shown in supporting information Figure 2.23. A reduction peak in the higher 
temperature range around 900 to 1000 K was larger on Co/LSAO compared to Co/LaAlO3, which 
ensures Co/LSAO had a larger amount of stronger linkages with support (i.e. Co-O) in highly 
dispersed Co species. Therefore, the coexistence of La ion and lattice oxygen defects is expected to 
be necessary for fine dispersion of Co metal particles, and divalent cation is favorably contained in 
the support structures. 
Toluene conversions and mean Co particle diameters on Co-supported catalysts were serialized 
in Figure 2.24 to consider such differences of catalytic activities. A rough correlation appears to 
exist between toluene conversions and Co metal dispersions. Namely, some of Sr-incorporated 
catalysts showed lower activity, especially Co/SrZrO3 and Co/SrCe0.5Zr0.5O3-δ which showed largest 
Co mean particles than La-incorporated catalysts. However, among La-incorporated catalysts, there 
were deviations of activity among Co/LSAO, Co/LCAO and Co/La0.7Ba0.3AlO3-δ, despite these 
three indicated similar Co metal dispersions (Co/La0.7Ba0.3AlO3-δ showed similar activity with 
Co/LaAlO3 and Co/Sr/LaAlO3). Especially, Co/LSAO was markedly more active than other 
catalysts deducting this catalyst has highly dispersed Co particle metals. According to these results, 
metal dispersion was not the only factor determining reaction rates of toluene steam reforming. 
 
2.3.3.2 Anchoring Effect of La Ion and Lattice Oxygen Defects for Co Metal Particles 
As described in section 3.1, La ion and lattice oxygen defects are expected to be indispensable 
for the fine dispersion of Co particles and high toluene conversion. For confirmation of an anchoring 
effect between Co particles and supports, some catalysts such as LSAO, LCAO, LaAl0.7Zn0.3O3-δ, 
SrTiO3, and LaAlO3 were observed with STEM measurements after reduction at 1073 K for 30 min, 
oxidation at 1073 K for 30 min, followed by second reduction at 1073 K for 30 min. Generally, 
supported metal particles tend to be aggregated after repeated reduction and oxidation at high 
temperatures. Figure 2.25 presents STEM images and histograms for each catalyst after such 
treatments. Table 2.9 presents obtained average Co particle diameters, calculated Co metallic 
surface area and Co-support perimeter. As a result, a major part of Co particles remained small on 
the support in which La ion and lattice oxygen defects coexisted, i.e. LSAO, LCAO, and 
LaAl0.7Zn0.3O3-δ. The other part of Co particles aggregated so that both small and large particles 
were observed on these supports. However, almost all particles aggregated on SrTiO3 and LaAlO3. 
Results confirmed that Co particles retained a stable particle size and that they were anchored on 
the support possessing La ions and lattice oxygen defects. 
To specify particular sites causing the anchoring effect between Co particles and catalyst 
support, XPS measurements were conducted on catalysts that have La-incorporated supports for La 
3d and Al 2p. Figure 2.26 presents results of XPS La 3d5/2 measurements on the following reduced 
catalysts: (a) Co/LSAO, (b) Co/LCAO, (c) Co/LaAl0.7Zn0.3O3-δ, and (d) Co/LaAlO3. Also, Figure 
2.27 presents results of XPS Al 2p on the following reduced catalysts: (a) Co/LSAO, (b) Co/LCAO, 
(c) Co/La0.7Ba0.3AlO3- δ, (d) Co/LaAl0.7Zn0.3O3-δ, and (e) Co/LaAlO3. According to Figure 2.26, 
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binding energy of La 3d5/2 on Co/LSAO, Co/LCAO, and Co/LaAl0.7Zn0.3O3- δ were lower than that 
on LaAlO3. Therefore, XPS La 3d5/2 measurements revealed that La ions are more reductive in/on 
catalyst supports having anchoring effect of Co metal particles. No correlation was found between 
the anchoring effect and binding energy of Al because LaAlO3 showed a similar value of binding 
energy with those of LSAO and LCAO. In conclusion, reductive La ion played an important role in 
anchoring Co metal particles on catalyst. 
Earlier studies have attributed an anchoring effect on Sr doped lanthanum oxides such as LSAO 
to surficial Sr ion [33] or mobile oxygen (O22- or O-) [51]. However, Sr-incorporated supports such 
as SrTiO3, SrTi0.7Fe0.3O3-δ, SrZrO3 and SrCe0.5Zr0.5O3-δ and Sr-supported Co/Sr/LaAlO3 never 
showed high dispersion of Co metals. Therefore, surficial Sr species are not supposed to indicate 
anchoring effects for Co metals. States of surficial mobile oxygen were discovered using XPS O1s 
measurements. 
Table 2.10 presents all results of XPS O 1s measurements on La-containing and Sr-containing 
oxides. Supporting information Figure 2.28 presents obtained curves and peaks from such 
measurements. Observed O 1s peaks were attributed respectively to adsorbed H2O (H2O (ad)), 
mobile oxygen (O22- or O-: Os) and lattice oxygen (O2-: Olat) [52, 53]. Mobile oxygen ratio was 
defined using the following equation. 
 
 Mobile oxygen ratio (%) = Os / (H2O (ad) + Os + Olat)              eq. 2.7 
 
The mobile oxygen ratio was the highest on Co/LSAO catalyst and was likely to be higher by 
lower cation substitutions, as shown by SrTi0.7Fe0.3O3-δ and SrCe0.5Zr0.5O3-δ, except over 
La0.7Ba0.3AlO3-δ and LaAl0.7Zn0.3O3-δ. In the case of La0.7Ba0.3AlO3-δ, impurity peaks attributed to 
BaAl2O4 were found from XRD measurement results. 
No relation was found between the mobile oxygen ratio and Co metal dispersions in this case. 
Sutthiumporn reported that La0.8Sr0.2Ni0.8Cu0.2O3 catalyst showed higher initial activity compared 
to La0.8Sr0.2Ni0.8Fe0.2O3 catalyst during CO2 dry reforming of methane because of highly active 
mobile oxygen [54]. However, La0.8Sr0.2Ni0.8Cu0.2O3 was deactivated more promptly, causing Ni 
aggregation because of the same reason [54]. From these results, it is reasonable to consider that 
anchoring points are not oxygen species or sites adjacent to reductive La ions. 
 
2.3.3.3 Redox Properties on Co-Supported Catalysts during Steam Reforming 
Redox property is important on catalysts that have lattice oxygen defects. As described above, 
high catalytic activity on Co/LSAO cannot be explained solely by high dispersion of active metal. 
Thereby, H218O SSITKA was conducted on each catalyst. Figure 2.29 presents a relation between 
toluene conversion rates and lattice oxygen release rates. Table 2.11 presents the measured lattice 
oxygen release rates and the total amounts of released lattice oxygen. As shown in Figure 2.29, a 
considerable correlation was found between the toluene conversion rate and the lattice oxygen 
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release rate. 30 mol% H218O was used for steam-SSITKA, so lattice oxygen release i.e. 18O release 
rate was estimated as 30% of the original value. Consequently, toluene conversion rate and lattice 
oxygen release rate indicated almost the same value on Co/LSAO and Co/LCAO, which indicates 
dissociated water efficiently reacted with toluene through redox mechanism. On Co/LSAO, the rate 
determining step is decomposition of toluene in this reaction temperature of 873 K [39], and it was 
considered that water dissociation proceeded rapidly on LSAO support. Catalyst which has high 
redox property like as Co/LSAO and Co/LCAO might be able to activate water, and steam pressure 
dependency influenced on the redox property, namely low redox ability of lattice oxygen could 
cause higher steam pressure dependence. Then, the Co/LSAO catalyst showed a higher lattice 
oxygen release rate than that of either Co/LCAO or Co/La0.7Ba0.3AlO3-δ. This tendency was the 
same as that found for the mobile oxygen ratio. From these data, it can be inferred that the Co 
catalyst supported on LSAO can decompose toluene using mobile oxygen well if the supported 
metal particles are highly dispersed [19, 20]. 
The redox property is important along with Co metal anchoring effect for high toluene steam 
reforming activity. In that redox mechanism, it is important that circulation of the release and 
regeneration of oxygen species in/on support, and lattice oxygen release rates were evaluated by 
H218O-SSITKA as described above. Lattice oxygen must be filled by water dissociation. Therefore, 
the water dissociation rate was analyzed using isotopic 18O2. Table 2.12 presents the amounts and 
rates of dissociated water on each Co-supported catalyst, and raw data is shown in Figures 2.30-
2.33. The water dissociation seemed to be more important than the dissociated amount for the cycle 
of redox mechanism. For comparison, the dissociation rate was observed on Co/-Al2O3 which has 
no redox ability. All substituted supports showed higher dissociation rates than the unsubstituted 
one. It can be inferred that water dissociation occurs on the lattice oxygen defect. 
However, water dissociation rates were not connected directly to lattice oxygen release rates. 
According to XPS measurements and isotopic measurements, if the lattice oxygen mobility was low, 
then the dissociated water cannot be delivered to the active sites on which lattice oxygen species 
react with surficial hydrocarbons. These trends were observed on Co/La0.7Ba0.3AlO3-δ, 
Co/LaAl0.7Zn0.3O3-δ, Co/SrTi0.7Fe0.3O3-δ, and Co/SrCe0.5Zr0.5O3-δ. Conversely, Co/Sr/LaAlO3 
showed high lattice oxygen release rate for the perimeter, whereas water dissociation rate was low 
and same as that on Co/LaAlO3. From this result, Sr ion can assist lattice oxygen species to react 
with surficial hydrocarbon. However, the supported Sr was insufficient for providing lattice oxygen 
defect and mobility, as indicated by XPS O1s measurements. Therefore, the redox cycle cannot be 
continued on Co/Sr/LaAlO3. Considering the release and regeneration rates of lattice oxygen, the 




2.3.3.4 Influence of Anchoring Effect and Redox Property on Toluene Steam Reforming on 
Co Catalysts 
As described in the section above, catalytic activity of toluene steam reforming was affected 
strongly by Co metal dispersion and redox property on each catalyst. Co metal was highly dispersed 
on substituted LaAlO3, i.e. La0.7M0.3AlO3-δ, (M = Sr, Ca, and Ba) and LaAl0.7Zn0.3O3-δ according to 
Table 2.8. This feature was important to obtain high catalytic activity during toluene steam 
reforming. However, catalytic activities were not equal on all these catalysts despite the similarly 
dispersed Co metal. 
Redox property was also significant if Co metal was dispersed sufficiently on La0.7M0.3AlO3-δ, 
(M = Sr, Ca, and Ba). Alkaline earth metals facilitate water dissociation to react with aromatic 
hydrocarbons. Two reaction mechanisms are included in the steam reforming of toluene: the 
Langmuir–Hinshelwood mechanism and redox mechanism. Through the redox mechanism, 
dissociated oxygen species might be more accessible to surficial hydrocarbons or active sites on the 
catalyst. The toluene steam reforming reaction mainly proceeds with redox mechanism rather than 
the Langmuir–Hinshelwood mechanism on Co/LSAO catalyst. Figure 2.34 portrays the scheme of 
Co metal anchoring and redox mechanism on Co/LSAO catalyst. To acquire higher activity in 






Figure 2.19 Results of activity tests on various Co-supported perovskite-type oxide catalysts: 
























































































































Figure 2.20 Results of activity tests on 10wt%Co/LSAO catalyst: 873 K reaction temperature, S/C 

























Figure 2.21 FE-TEM image and histogram for each Co-supported catalyst after reduction: (a) 
Co/LSAO [39], (b) Co/LCAO, (c) Co/La0.7Ba0.3AlO3-, (d) Co/LaAlO3, (e) Co/1.3wt%Sr/LaAlO3, 
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Figure 2.22 FE-TEM image and histogram for each Co-supported catalyst after reduction: (a) 
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Figure 2.25 FE-TEM image and histogram for each Co-supported catalyst after reduction, oxidation, 
and re-reduction: (a) Co/LSAO, (b) Co/LCAO, (c) Co/LaAl0.7Zn0.3O3-, (d) Co/SrTiO3, and (e) 



































































































Figure 2.26 XPS La 3d5/2 on reduced catalysts: (a) Co/LSAO, (b) Co/LCAO, (c) Co/LaAl0.7Zn0.3O3-









































Figure 2.27 XPS Al 2p on reduced catalysts: (a) Co/LSAO, (b) Co/LCAO, (c) Co/La0.7Ba0.3AlO3-, 












































Figure 2.28 XPS O1s of reduced catalysts: (a) Co/LSAO, (b) Co/LCAO, (c) Co/La0.7Ba0.3AlO3-, 
(d) Co/LaAlO3, (e) Co/1.3wt%Sr/LaAlO3, (f) Co/LaAl0.7Zn0.3O3-, (g) Co/SrTiO3, (h) 





































































































































































































































































































Figure 2.30 Result of H218O SSITKA to evaluate lattice oxygen release rate on each catalyst; (a) 



































































































































































Figure 2.31 Result of H218O SSITKA to evaluate lattice oxygen release rate on each catalyst; (a) 












































































































































































Table 2.8 Catalytic structures of Co-supported catalysts after 30 min reduction at 1073 K. Co 
loading amount: 10wt%. 
 
Co/La0.7Sr0.3AlO3- 24.5 0.0 31.5 56.0 35.0
Co/La0.7Ca0.3AlO3- 12.4 0.0 16.4 28.8 29.8
Co/La0.7Ba0.3AlO3- 2.0 0.0 5.8 7.8 4.8
Co/LaAlO3 11.4 0.0 5.0 16.4 13.9
Co/1.3wt%Sr/LaAlO3 8.9 0.0 13.5 22.3 17.6
Co/LaAl0.7Zn0.3O3- 0.8 0.0 1.3 2.1 0.8
Co/SrTiO3 9.2 0.0 5.6 14.8 9.5
Co/SrTi0.7Fe0.3O3- 1.8 0.0 2.8 4.6 6.6
Co/SrZrO3 2.0 0.0 2.8 4.7 5.4
Co/SrCe0.5Zr0.5O3- 0.0 0.0 0.0 0.0 0.0
H2 Yield / %CO yield / % CH4 yield / % CO2 yield / % Toluene Conversion / %
Co/La0.7Sr0.3AlO3- 26.2 0.0 35.1 61.3 38.3
Co/La0.7Ca0.3AlO3- 13.5 0.0 20.5 34.0 25.2
Co/La0.7Ba0.3AlO3- 2.0 0.0 6.5 8.5 5.6
Co/LaAlO3 9.1 0.0 3.6 12.7 10.1
Co/1.3wt%Sr/LaAlO3 7.5 0.0 10.7 18.2 15.3
Co/LaAl0.7Zn0.3O3- 0.2 0.0 0.5 0.7 0.3
Co/SrTiO3 7.4 0.0 3.6 11.1 9.5
Co/SrTi0.7Fe0.3O3- 1.7 0.0 2.6 4.2 5.9
Co/SrZrO3 13.9 0.0 22.5 36.4 27.4
Co/SrCe0.5Zr0.5O3- 0.0 0.0 0.0 0.0 0.0






Co/La0.7Sr0.3AlO3- 17.5 2.87 3.27 5.7 10.3
Co/La0.7Ca0.3AlO3- 17.5 2.87 3.27 5.7 10.5
Co/La0.7Ba0.3AlO3- 22.5 2.23 1.98 4.4 5.9
Co/LaAlO3 32.5 1.54 0.95 3.1 5.5
Co/1.3wt%Sr/LaAlO3 42.5 1.18 0.56 2.4 5.5
Co/LaAl0.7Zn0.3O3- 22.5 2.23 1.98 4.4 3.9
Co/SrTiO3 32.5 1.54 0.95 3.1 3.9
Co/SrTi0.7Fe0.3O3- 37.5 1.34 0.71 2.7 5.7
Co/SrZrO3 67.5 0.74 0.22 1.5 8.6
Co/SrCe0.5Zr0.5O3- 77.5 0.65 0.17 1.3 1.5
Co-support perimeter
/ 108 m g-1
Co surface area
/ m2 g-1




Table 2.9 Catalytic structures of Co-supported catalysts after “30 min reduction, 30 min oxidation, 




Table 2.10 Surface oxygen ratio to total oxygen species over Co/perovskite oxide catalysts by XPS 




Table 2.11 Lattice oxygen release rate on each Co-supported catalyst; Co loading: 10wt%. 
 
Co average
paticle size / nm
Co/La0.7Sr0.3AlO3- 22.5 2.23 1.98
Co/La0.7Ca0.3AlO3- 25.0 2.01 1.60
Co/LaAl0.7Zn0.3O3- 17.5 2.87 3.27
Co/SrTiO3 52.5 0.96 0.36
Co/LaAlO3 67.5 0.74 0.22
Co metal surface area
/ m2 g-1
Co-support perimeter
/ 108 m g-1
H2O(ad) Os Olat H2O(ad) Os Olat
Co/La0.7Sr0.3AlO3- 532.9 531.1 529.4 10.9 64.3 24.8 64.3
Co/La0.7Ca0.3AlO3- 533.0 531.2 529.3 14.6 55.7 29.7 55.7
Co/La0.7Ba0.3AlO3- 532.6 531.2 529.3 9.5 48.0 42.5 48.0
Co/LaAlO3 532.8 531.1 529.5 13.9 48.5 37.7 48.5
Co/1.3wt%Sr/LaAlO3 532.6 531.1 529.3 13.1 49.3 37.6 49.3
Co/LaAl0.7Zn0.3O3- 533.0 531.2 529.1 19.7 47.7 32.6 47.7
Co/SrTiO3 532.8 531.0 529.5 8.8 26.8 64.4 26.8
Co/SrTi0.7Fe0.3O3- 532.8 531.2 528.8 5.4 46.4 48.2 46.4
Co/SrZrO3 532.7 531.2 529.2 6.0 48.7 45.3 48.7
Co/SrCe0.5Zr0.5O3- 532.7 531.2 528.9 15.0 53.0 31.9 53.0
Peak Position / eV Ratio / % Mobile oxygen
ratio / %
Co/La0.7Sr0.3AlO3- 2.93 0.90 59.3
Co/La0.7Ca0.3AlO3- 1.45 0.45 29.8
Co/La0.7Ba0.3AlO3- 0.20 0.10 4.0
Co/LaAlO3 0.04 0.04 1.8
Co/1.3wt%Sr/LaAlO3 0.37 0.66 6.1
Co/LaAl0.7Zn0.3O3- 0.44 0.22 5.7
Co/SrTiO3 0.09 0.10 0.3
Co/SrTi0.7Fe0.3O3- 0.10 0.14 3.2
Co/SrZrO3 0.00 0.00 0.0
Co/SrCe0.5Zr0.5O3- 0.01 0.05 0.9
Co/-Al2O3 0.12 0.03 2.5
Lattice oxygen release rate / mol sec-1 Total amount of released lattice oxygen / molLattice oxygen release rate per perimeter / 10-8 mol m-1 g sec-1
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Co/La0.7Sr0.3AlO3- 17.50 1.69 257.0
Co/La0.7Ca0.3AlO3- 12.65 1.21 267.3
Co/La0.7Ba0.3AlO3- 9.13 1.54 250.6
Co/LaAlO3 2.95 0.54 109.2
Co/1.3wt%Sr/LaAlO3 2.83 0.51 116.0
Co/LaAl0.7Zn0.3O3- 9.23 2.36 205.1
Co/SrTiO3 0.79 0.20 93.0
Co/SrTi0.7Fe0.3O3- 14.56 2.55 372.0
Co/SrZrO3 5.24 0.61 178.5
Co/SrCe0.5Zr0.5O3- 10.14 6.88 278.4
Co/-Al2O3 0.46 - 14.9
OH dissociation rate
/ mol sec-1
OH dissociation rate per
support surface area







First, the effect of catalyst structure for lattice oxygen release was elucidated on Ni/LSAO 
catalyst. Activity tests, isotopic transient response tests, and characterization were performed over 
Ni/LSAO varied in calcination temperature for support or supported Ni. Along with the increase of 
the calcination temperature of support from 1073 K to 1373 K, toluene conversion and hydrogen 
yields change, respectively, from 53.0% to 49.9%, and 47.3% to 41.9%. In contrast, carbon 
deposition changed in the range of 9.3 and 29.9 mg g-cat-1. Simultaneously, the lattice oxygen 
release rate is diminished from 2.66 mol min-1 to 1.60 mol min-1. Based on these results, larger 
specific surface area of Ni/LSAO produces higher lattice oxygen release rate, higher catalytic 
activity, and a lower amount of coke formation. Furthermore, as the calcination temperature of 
supported Ni increases from 1073 K to 1373 K, toluene conversion and hydrogen yield drastically 
decreased respectively from 49.9% to 4.7% and from 41.9% to 4.1%. However, the carbon 
deposition increased significantly from 29.9 mg g-cat-1 to 111.1 mg g-cat-1. Concurrently, the release 
rate of lattice oxygen declined from 1.60 mol min-1 to 0.57 mol min-1. Longer Ni-support 
interface is advantageous for exchange of lattice oxygen through the redox cycle for higher activity 
and a lower amount of carbon deposition. Additionally, we evaluated the catalytic activity and 
carbon deposition per Ni surface and perimeter. These calculations reveal that larger Ni particles 
cause weaker interaction and the Ni perimeter length is insufficient to perform high activity. 
Additionally, larger Ni particles are more likely to form carbon deposition. Ni-support interface and 
Ni morphology related to the mobility of lattice oxygen, which is important in terms of higher 
catalytic activity and suppression of coke formation. 
Second, toluene steam reforming was also conducted on Co/LSAO catalysts. Co/LSAO 
catalysts were not deactivated during 180 min of toluene steam reforming reaction. Higher toluene 
conversion and stable catalytic activity were achieved on 10wt%Co/LSAO. FT–IR measurement 
revealed that adsorbed reaction intermediates on LSAO support were highly reactive and desorbed 
easily on Co/LSAO. This adsorption property prevented the deactivation of catalytic activity by 
strong adsorption of reaction intermediates. Arrhenius plots indicated that the rate determining step 
was changed at around 848 K on Co/LSAO. At temperatures higher than 848 K, the decomposition 
reaction of toluene to reaction intermediates was regarded as the rate determining step because 
desorption of intermediate adsorbents occurs quickly. Below 848 K, the rate determining step was 
activation of H2O. This activation was necessary for the reactive desorption of intermediate 
adsorbents. Changing of the rate-determining step was attributable to the desorption property of 
surficial adsorbents on Co/LSAO. In conclusion, high catalytic stability on Co/LSAO was 
accomplished with the promotion of reactive desorption of the adsorbed reaction intermediates on 
the catalytic surface. 
Finally, anchoring effect and redox property were confirmed on several Co supported 
perovskite-type oxide catalysts to clarify the role of LSAO support during toluene steam reforming. 
Toluene steam reforming reaction was conducted on several Co catalysts supported on perovskite-
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type oxide, and Co/LSAO catalyst showed the highest toluene steam reforming activity stably 
among these catalysts. This high activity was attributable to the Co metal anchoring effect and the 
high redox property over Co/LSAO. STEM images and XPS measurements reveal that the 
coexistence of La ion and lattice oxygen defect are both important for Co metal dispersion on 
perovskite-type oxides. This anchoring effect was observed on Co/LSAO, Co/LCAO, 
Co/La0.7Ba0.3AlO3-δ, and Co/LaAl0.7Zn0.3O3-δ. On these catalysts, La ion in the lattice was more 
reductive than unsubstituted supports such as LaAlO3. Fixed oxygen species located near reductive 
La are expected to be effective for Co metal anchoring. High lattice oxygen release rates for the 
perimeter were observed only on Co/LSAO, Co/LCAO, and Co/Sr/LaAlO3. Accordingly, alkaline 
earth metals are expected to facilitate lattice oxygen to react with surficial hydrocarbons. Moreover, 
Sr ion is more suitable than Ca ion for this role. However, water dissociation occurred over lattice 
oxygen defect according to 18O2 isotopic transient tests. In addition, the supported Sr on 
Co/Sr/LaAlO3 was not sufficient to provide such defects and lattice oxygen mobility. Therefore, 
regeneration of mobile oxygen was too slow to indicate high steady-state toluene reforming activity 
over Co/Sr/LaAlO3, although Co/LSAO showed a high mobile oxygen ratio and water dissociation 
rate by its defect. Both Co metal anchoring effects and redox properties provided high catalytic 
activity stably during toluene steam reforming. 
Ni/LSAO and Co/LSAO catalysts showed higher activity and lower coke formation during 
toluene steam reforming compared to industrial used catalysts. It was clarified that mobile lattice 
oxygen oxidized and concerted toluene to oxygenate intermediates on LSAO support. Though Co 
metal generally has low hydrocarbon dissociation ability, Co/LSAO showed high catalytic activity 
during toluene steam reforming thanks to assist of lattice oxygen. Also, mobile lattice oxygen was 
regarded to oxidized coke precursor or coke itself during the reaction. Hence, redox property on 
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Chapter 3 Steam Reforming of Aromatic Hydrocarbon at Low 
Temperature in Electric Field 
 
3.1 Introduction 
Hydrogen production has been attracting much attention because hydrogen is demanded for use 
in various chemical industries and is anticipated for use as clean secondary energy for combustion 
or fuel cell utilization. Currently, the typical method used for producing hydrogen is catalytic steam 
reforming using light hydrocarbons such as methane or naphtha [1,2], but steam reforming of 
aromatic hydrocarbons is also investigated extensively because it enables the use of biomass or 
brown-coal-derived materials [3–19]. These aromatic hydrocarbons are less reactive and tend to 
form coke during such catalytic reactions, deriving coverage of active sites and plugging of the 
reactor in the worst case. Certainly, suppressing coke formation and lowering the reaction 
temperature are extremely important for the steam reforming of aromatic hydrocarbons. 
To investigate coke formation suppression, many studies have been conducted to assess the 
inhibition of coke deposition during steam reforming. Dilution of an active metal such as Ni might 
be an effective means of suppressing coke by-production [20–23]. For instance, Anjaneyulu et al. 
reported that using a synthesized Ni-Zn alloy supported Al2O3 catalyst improved coke resistance 
during ethanol steam reforming [20]. In this case, Zn played important roles in dilution of Ni metal 
and in the enhancement of hydrogen spillover to form adsorbed water to suppress coking [20]. 
Similarly, the presence of alkali or magnesia-based catalyst can enhance steam adsorption to depress 
coke formation [21,24]. Additionally, lattice oxygen in/on support oxides can contribute to coke 
resistance [25–35]. Marinho et al. stated that the formed coke was calcined by transferred oxygen 
from perovskite-type oxide, LaNiO3/CeSiO3 catalyst under water presence during ethanol steam 
reforming [25]. In an earlier study, we demonstrated that lattice oxygen of La0.7Sr0.3AlO2.85 (LSAO), 
a perovskite-type oxide, drastically decreased the amount of coke formation during toluene steam 
reforming [36–41]. Furthermore, such lattice oxygen promoted toluene decomposition with a redox 
mechanism. Consequently, LSAO support achieved both high activity and stability during steam 
reforming of aromatic hydrocarbons. 
Lowering the reaction temperature of steam reforming is beneficial for removing coke 
oxidatively and for achieving high-efficiency hydrogen production, simultaneously utilizing low-
grade heat. Various approaches have been inspected for lowering the reaction temperature, for 
example auto thermal reforming (ATR) [42–45]. Electric field addition to the catalyst bed can also 
lower the reaction temperature of endothermic reactions such as steam reforming [46–49]. Manabe 
et al. reported that steam reforming of methane in an electric field proceeded with high activity even 
at temperatures lower than 473 K [50]. In this reaction, the adsorbed water promoted proton transfer 
and a collisional reaction between accelerated protons and methane over Pd-supported CeO2 [50,51]. 
Vayenas et al. suggested that electric current promoted oxygen mobility in metal oxides and their 
catalytic oxidation through NEMCA (Non-Faradaic Electrochemical Modification of Catalytic 
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Activity) [53-55]. Accordingly, ion transfer or activation might be promoted in an electric field 
during a steam reforming reaction. For this study, toluene steam reforming was conducted at 473 K 
in an electric field over Ni-supported LSAO catalyst, which showed high activity and stability 
because of redox ability: lattice oxygen mobility. 
 
3.2. Experimental 
3.2.1 Catalyst Preparation 
Perovskite-type oxide, La0.7Sr0.3AlO3- (LSAO) for catalyst support was synthesized using the 
citric acid complex method. The crystalline structure was confirmed by XRD as shown in 
supporting information Figure 3.1, and we could observe only for LSAO perovskite peaks and no 
other peaks for impurity phases were confirmed. Earlier reports explained additional details related 
to the citric acid complex method [36, 38, 40, 41]. After powdered LSAO was impregnated with a 
solution of nickel (II) nitrate (Kanto Chemical Co. Inc.), the LSAO was soaked in 25 mL of water 
for 2 h. Then Ni nitrate was added with 15 mL of water and was dissolved for 2 h using an evaporator. 
Concentration of nickel nitrate was adjusted for each loading amount i.e., 1, 3 and 5wt% of Ni. 
Later, it was dried and calcined at 773 K for 2 h. The obtained catalyst size was adjusted to 355–
500 m with sieving. 
 
3.2.2 Activity Tests with/without the Electric Field 
Catalyst activity tests were conducted using a tubular reactor in which 200 mg of catalyst was 
charged into a fixed bed as shown in supporting information Figure 3.2. Two stainless steel 
electrodes were set contiguously on the upper side and bottom side of the fixed catalysts to charge 
an electric field. The same setup was used for steam reforming without the electric field. Toluene 
steam reforming was conducted for 60 min in each condition after pre-reduction at 873 K. For 
reaction with an electric field, 3 mA of constant current was applied between the two electrodes. 
The reaction gas composition was C7H8 : H2O : Ar = 3 : 42 : 155 (mL min-1). The steam to carbon 
ratio (S/C) was 2.0. Also, the weight flow ratio was 3.14 g-cat h mol-1. We confirmed that the 
condition is in the kinetic region and that diffusion is not a rate determining factor. Results 
demonstrate that the effect of mass transportation was negligible in such a condition. The product 
gas of the reaction was measured using GC-FID (GC-8A; Shimadzu Corp.) and GC-TCD (GC-8A; 
Shimadzu Corp.). Toluene steam reforming ang water gas shift reaction proceed as follows. 
 
 C7H8 + 7H2O → 7CO + 11H2                          eq. 3.1 
 CO + H2O → CO2 + H2                             eq. 3.2 
 
By combining these two reactions, the total reaction can be described as follows. 
 




Thus, toluene conversion and hydrogen yield were defined with a toluene feed rate (mmol s-1) and 
the following formation rate of products: rCO (mmol s-1) for CO, rCH4 (mmol s-1) for CH4, rCO2 (mmol 
s-1) for CO2, and rH2 (mmol s-1) for hydrogen. 
 
 Toluene conversion (%) = (rCO + rCH4 + rCO2) / (C7H8 feed rate × 7) × 100    eq. 3.4 
 Hydrogen yield (%) = rH2 / (C7H8 feed rate × 18) × 100             eq. 3.5 
 
After reaction for 60 min, the amount of deposited coke was measured with a gas chromatograph 
using temperature programmed oxidation (TPO) measurements to estimate CO or CO2 from coke. 
The temperature was increased from 298 K to 1173 K at 10 K min-1 for the gas composition of O2 : 
He = 10 : 90 (mL min-1). The resultant ratio of produced gas components and coke formation 
amounts was confirmed based on the carbon balance, which was almost 1. 
 
3.2.3 Catalytic Structure Analysis 
The obtained perovskite-type structure of LSAO support was confirmed from X-ray diffraction 
measurements (XRD: Ultima III; Rigaku Corp.) using Cu Kα X-ray radiation of 40 kV at 40 mA. 
The average particle diameter of the supported Ni metal was estimated using CO pulse 
measurements (BELCAT II; MicrotracBEL Corp.). Furthermore, the obtained particle diameter was 
confirmed with images and EDX mapping results obtained using scanning transmission electron 
microscopy (STEM; HF-2210; Hitachi Ltd.). 
 
3.2.4 Kinetic Analysis of Ni Supported LSAO Catalyst 
Arrhenius plots were obtained over 5wt%Ni/LSAO catalyst to evaluate the apparent active 
energy of toluene steam reforming in each condition: (1) at 473 K with the electric field and (2) at 
698 K without the electric field. Reaction rates were evaluated in terms of kinetic control. The 
reaction rates were defined from the formation rate of CO, CO2, and CH4 in the same manner as 
that used for activity tests. In the case of reaction with an electric field, catalyst temperatures were 
increased with Joule heat by charged electricity. Thermocouples detected the temperature on the 
catalyst. Those data were then used to ascertain the temperature rise. 
To elucidate reaction mechanisms, partial pressure dependences of the reaction rates were 
confirmed for toluene and steam pressure in each reaction condition: (1) at 473 K with the electric 
field and (2) at 698 K without the electric field. The feed gas compositions were modified as C7H8 : 
H2O : Ar = (1, 2, 3) : 42 : (157, 156, 155) (mL min-1) and C7H8 : H2O : Ar = 3 : (30, 42, 54) : (167, 
155, 143) (mL min-1), respectively, for toluene and steam pressure. Reaction rates were calculated 




3.2.5 Evaluation of the Lattice Oxygen Release Rate with Steady State Isotopic Transient 
Kinetic Analysis (SSITKA) 
Lattice oxygen release rates were estimated over the 5wt%Ni/LSAO catalyst, in the following 
three conditions: (1) at 473 K with the electric field, (2) at 698 K without the electric field and (3) 
at 473 K without the electric field. Detailed procedures for SSITKA have been described elsewhere 
[25, 27–29]. For this experiment, the first reaction was conducted with gas including isotopic water 
i.e. 1.5%C7H8 : 6.3%H216O : 14.7%H218O : 5%Ar : 72.5%He vol% (total flow rate: 200 mL min-1) 
to replace lattice oxygen in/on the LSAO support by 18O. After helium purging treatment for 120 
min, sequential reactions were conducted in the following gas composition: 1.5%C7H8 : 21%H216O : 
5%Ar : 72.5%He vol% (total flow rate: 200 mL min-1). Products of the second reaction were 
measured using a quadrupole mass spectrometer (Q-Mass, HPR20; Hiden Analytical Ltd.). The 
observed signals of m/e were 2(H2), 4(He), 15(CH4), 18(H2O), 20(H218O), 28(CO), 30(C18O), 
40(Ar), 44(CO2), 46(C16O18O), 48(C18O2), 78(C6H6), and 91(C7H8). We found the effect of Ar2+ 
(m/z = 20) signal to H218O is negligible [38–41]. The lattice oxygen release rate was defined as 
formation rates of 30(C18O), 46(C16O18O), and 48(C18O2). 
 
3.2.6 Temperature Programmed Desorption Infrared (TPD-IR) Measurements in an Electric 
Field 
Diffuse reflectance infrared spectrometry was applied to observe adsorbed species on Ni/LSAO 
catalyst using a Fourier transform infrared spectrometer (FT/IR-6100; Jasco Corp.). Additionally, 
the measurement apparatus was assembled for applying the electric field on the samples as described 
elsewhere in the literature [51]. Sieved catalyst was used in this experiment. Two stainless steel 
electrodes were set on the catalyst. An earlier report described the temperature program scheme for 
this measurement [38]. After pre-reduction at 873 K and background measurement at 323 K, diluted 
toluene gas was flowed into a measurement chamber for 30 min with 2 mL min-1 of the toluene feed 
rate. Subsequently, argon gas was introduced to remove gas-state toluene before the temperature 
rise. Without the electric field, the IR cell was heated and kept at 373, 473, 573, 673, 773, and 873 
K for 10 min independently in Ar gas. For reaction with an electric field, the temperature was raised 
to 373, 473, 573, and 673 K because of thermotolerance of the Teflon cell. Also, an electric field 
was charged for 10 min at each temperature. After each heating operation, the cell was cooled to 
323 K. Then the IR spectrum was measured. Figures presented in an earlier report present a 
comprehensive view of the relevant spectra [38]. 
 
3.3 Results and Discussion 
3.3.1 Catalytic Activity and Coke Deposition during Toluene Steam Reforming in an Electric 
Field 
Toluene steam reforming was conducted over supported metal catalyst with 5wt% of active 
metal i.e. Ni, Co, Fe or Cu supported on LSAO, in a tubular reactor at 473 K with an electric field. 
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Figure 3.3 shows the time courses of the catalytic activities and hydrogen yields for these catalysts. 
Results indicate that Ni/LSAO catalyst showed the highest activity among these catalysts in this 
condition during toluene steam reforming. Consequently, toluene steam reforming was also 
conducted over Ni/LSAO catalyst without an electric field at 473 K for better comparison. However, 
Ni/LSAO showed no activity at such a low reaction temperature. To elucidate the effects of the 
electric field over Ni/LSAO catalyst, catalytic activity was investigated at each reaction temperature 
from 473 K to 873 K. The results of activity testing at each reaction temperature with and without 
the electric field are presented in Figure 3.4, in which filled plots and open plots respectively 
represent the activities with (ER: reaction with an electric field) and without (SR: steam reforming 
without an electric field) the electric field. In the case of ER, the catalyst bed was heated by Joule 
heating of about 100 K, so filled plots are shifted to higher temperatures than the original furnace 
temperature. The reaction temperature was measured using a thermocouple on the catalyst bed 
inside of a tubular reactor. Results show that the catalytic activity of ER was much higher than that 
of steam reforming at the same temperature: for example, ER, 44.7% at 573 K vs. SR, 1.3% at 573 
K. The electric field effect is greater at temperatures lower than 773 K. We confirmed the waveform 
of response voltage during electric field addition using an oscilloscope, and no plasma was found. 
Also, no emission spectra can be observed. Therefore, the electric field promotes some catalytic 
reaction steps effectively at lower temperatures, at which toluene steam reforming does not 
generally proceed. 
Effects of Ni loading amounts on the coke deposition activity were investigated using LSAO 
support in the electric field. Figure 3.5 and supporting information Tables 3.1 and 3.2 depict the 
respective toluene conversion, hydrogen yields and other products including deposited coke over 
three catalysts, i.e. 1, 3 and 5wt%Ni/LSAO, during steam reforming with and without the electric 
field. Results demonstrated that 5wt%Ni/LSAO showed higher activity than other catalysts in both 
cases. As for ER, the catalyst attained better stability. The catalytic activity was very low without 
supported Ni metal as shown in supporting information Figure 3.6. Table 3.3 shows the catalytic 
activities and the amounts of formed coke over these Ni/LSAO catalysts at 473 K with the electric 
field and at 698 K without the electric field because conversion showed similar values in these 
conditions. In the case of ER, the amounts of formed coke were very small over 1, 3 and 
5wt%Ni/LSAO as shown in supporting information Figure 3.7. These values were below 10 mg 
g-cat-1. In the case of SR, the amounts of coke increased considerably from 39.2 mg g-cat-1 to 525.8 
mg g-cat-1 as the Ni loading amounts and catalytic activities increased. Steam reforming was 
promoted with Ni loading, simultaneously causing coke by-production without the electric field. To 
confirm coke suppression effects of the electric field, an activity test was conducted over 
5wt%Ni/LSAO catalyst at 473 K for 60 min after toluene steam reforming at 698 K for 60 min. 
After all these treatments, the amount of formed coke was decreased to 253.4 mg g-cat-1 compared 
to 525.8 mg g-cat-1 as shown in supporting information Figure 3.8. In the lower temperature region, 
it was described that more reactive coke such as Cα and Cβ tended to deposit [56,57]. This 
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experiment suggests that some reactive coke is formed, but such coke can be removed by electric 
field charging. These results revealed that the electric field promoted endothermic steam reforming 
at lower temperature, and that it strongly suppressed coke formation during toluene steam reforming. 
 
3.3.2 Active Site Specification and Kinetic Analysis for Toluene Steam Reforming in an 
Electric Field 
Catalytic activities were improved by the increase of Ni metal loading. Actually, Ni metals 
played important roles as reactive sites for progression of the steam reforming reaction. 
Consequently, the Ni-specific area dependency of activities was evaluated over 1, 3 and 
5wt%Ni/LSAO catalysts with/without the electric field. Table 3.4 and supporting information 
Figure 3.9 present turnover frequencies (TOF) of two kinds, as determined by the Ni specific surface 
area (TOF-s) and Ni-support perimeter (TOF-p), STEM image of supported Ni is shown in 
supporting information Figure 3.10 and Ni particle size was evaluated by CO adsorption as shown 
in Table 3.5. Regarding ER, the value of TOF-p was constant over each Ni catalyst. The toluene 
steam reforming activity was determined by the Ni-support perimeter. However, both TOF-s and 
TOF-p values were increased as the Ni particle diameter increased in the case of steam reforming 
without an electric field. Generally, adsorbed water was regarded as activated on metal oxide 
supports rather than on supported active metal. Additionally, it is difficult to activate water in the 
lower temperature region [40]. Consequently, the water activation rate over LSAO support affects 
the total reaction rate of steam reforming. According to reports of earlier studies, catalytic activity 
is affected strongly by the Ni-support perimeter when the adsorbed water is dissociated rapidly, for 
example via redox mechanism [37, 39-41]. The electric field possibly promoted water activation 
over Ni/LSAO catalyst. 
Kinetic analysis was performed over 5wt%Ni/LSAO catalyst to elucidate the electric field 
effects of more specifically. Figure 3.11 shows the resultant Arrhenius plots over Ni/LSAO catalyst 
with and without the electric field. These results show that the apparent active energy was 26.1 kJ 
mol-1 for ER and 78.9 kJ mol-1 for SR. The evaluation was conducted in a kinetic region, confirmed 
by changing the contact time as shown in Figure 3.12, and the Arrhenius plot for higher temperature 
in a diluted condition is shown in Figure 3.13. The apparent active energy decreased drastically by 
electric field application, meaning that the electric field promoted a specific reaction path. 
Subsequently, as shown in Figure 3.14, partial pressure dependences for toluene and steam were 
analyzed over Ni/LSAO catalyst in each condition: ER at 473 K and SR at 698 K. The reaction rate 
of toluene steam reforming (rSR) is defined as shown below. 
 
 rSR = k[C7H8]a[H2O]b                              eq. 3.6 
 
For steam reforming without the electric field, the reaction rate depended predominantly on the 
steam partial pressure i.e., a = 0.23 and b = 0.93. As described above, the adsorbed water is difficult 
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to dissociate at a low temperature such as 698 K [37, 39–41]. Regarding ER, the reaction rate more 
reliant on toluene partial pressure i.e., a = 0.95 and b = 0.29. Apparently, the electric field facilitated 
dissociation of adsorbed water, even at a low temperature such as 473 K, which achieved 
acceleration of steam reforming in the lower temperature region and coke resistance. This partial 
pressure tendency was also observed when the redox mechanism was expressed over LSAO support 
[37, 39–41]. It is typically affirmed that redox mechanism occurs at higher temperatures above 
approximately 800 K without any special treatment such as an electric field [37, 40]. For this reason, 
further experiments were conducted to clarify water activation mechanisms and the conduction 
species over LSAO support in an electric field. 
As for the energy balance for this reaction, energy balance was calculated with the following 
equation; 
 
 Energy balance (%) = 
 Converted toluene (mol sec-1) × ΔH for the reaction (kJ mol-1) / Input power (W) × 1000   
                                         eq. 3.7 
 ΔH: Required enthalpy for C7H8 + 14H2O → 7CO2 + 18H2 (828.6 kJ mol-1) 
 
Accordingly, resulted energy balance was 18.3%. Therefore, there is a room for improvement in 
status quo. Faraday efficiency was 29.4 (one electron promoted the conversion of 29.4 times of 
toluene). This reaction was not electrochemical reaction, and promising for reducing required 
electric power by controlling the bulk electron conductivity (to decrease wasted Joule heat). 
 
3.3.3 Lattice Oxygen Redox Property over LSAO Support in an Electric Field 
Steady state isotopic transient kinetic analysis (SSITKA) was applied over Ni/LSAO catalyst 
during toluene steam reforming with and without the electric field because LSAO support was 
regarded to accelerate water activation with its redox property. Figure 3.15 and Table 3.6 present 
lattice oxygen release rates over 5wt%Ni/LSAO catalyst in the following conditions: (a) at 473 K 
with the electric field, (b) at 698 K without the electric field, and (c) at 473 K without the electric 
field. Lattice oxygen release rates were estimated with isotopic 18O release after surficial purge 
treatment, after which 18O exists only inside of LSAO lattice and defects [39–41]. The results of 
Figures 3.15(b) and 3.15(c) showed that the lattice oxygen release rates were 0.59 and 0.03 μmol s-
1 at 698 K and 473 K during steam reforming without the electric field. Regarding the ER, the lattice 
oxygen release rate was 1.77 μmol s-1 at 473 K. The lattice oxygen release rate was remarkably 
faster with the electric field. Even catalytic activities were similar between the two conditions: (a) 
at 473 K with the electric field and (b) at 698 K without the electric field. Furthermore, this oxygen 
mobility was not observed over the catalyst without redox ability such as Ni/LaAlO3, on which the 
electric field was not stable and generated blue-white plasma with discharging. Consequently, 
results suggest that the redox ability of LSAO support promoted water activation at low 
91 
 
temperatures, and that mobile oxygen ions and their vacancies play an important role in toluene 
steam reforming in an electric field. 
Water activation was accelerated with redox ability of LSAO in the electric field. However, it 
remains unclear that toluene steam reforming proceeded with a redox mechanism. Therefore, 
temperature programmed desorption infrared (TPD-IR) measurements were conducted over 
Ni/LSAO with/without the electric field. Figure 3.16 shows results of TPD-IR measurements 
conducted with and without the electric field, respectively. At low temperatures, typical ring C-C 
vibration was detected at wavenumbers 1500 and 1600 cm-1 in the respective conditions [38,40]. 
Symmetric and asymmetric COO vibrations started to appear at 673 K in the case of steam 
reforming without the electric field, as shown in Figure 3.16(B) [38,40]. By contrast, those peaks 
were detected at a lower temperature, 473 K in the case of ER. In earlier studies, adsorbed toluene 
was converted to oxygenate intermediates on LSAO support before sequential oxidation to CO or 
CO2 over Ni particles. Then, such formation of oxygenates facilitates decomposition of toluene 
[38,40]. These results suggest that the redox mechanism is predominant over Ni/LSAO catalyst in 







Figure 3.1 XRD pattern of LSAO support. 
  



























Figure 3.3 Toluene conversion and hydrogen yield during toluene ER over metal-supported LSAO 
catalyst: Ni/LSAO, Co/LSAO, Fe/LSAO, or Cu/LSAO. Metal loading amount: 5wt%. Reaction 
conditions: 473 K reaction temperature; S/C = 2.0; W/F = 3.14 g-cat h mol-1; 3 mA current applied 


















































Figure 3.4 Temperature dependence of catalytic activity on 5wt%Ni/LSAO with or without the 
electric field. Filled plots for ER and open plots for SR. Reaction conditions: 473–873 K reaction 



























Figure 3.5 Toluene conversion and hydrogen yield on Ni/LSAO catalyst, 1, 3 and 5wt%Ni/LSAO, 
(A) for ER at 473 K and (B) for SR at 698 K. Reaction conditions: 473 K reaction temperature; S/C 
































































































Figure 3.6 Toluene conversion and hydrogen yield over 5wt%Ni/LSAO and LSAO support in the 
electric field. Reaction conditions: 473 K of reaction temperature, S/C = 2.0, W/F = 3.14 g-cat h 
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Figure 3.8 TG analysis of 5wt%Ni/LSAO catalyst after reaction with electric field at 473 K for 60 

























Figure 3.9 Turnover frequency ascertained from the Ni specific surface area (TOF-s) and Ni support 
perimeter (TOF-p) on 5wt%Ni/LSAO for ER at 473 K and SR at 698 K. Reaction conditions: 













































































Figure 3.11 Arrhenius plots of 5wt%Ni/LSAO catalyst for ER and SR. Reaction conditions: S/C = 
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Figure 3.12 Influence of W/F on catalytic activity for toluene steam reforming over 5wt%Ni/LSAO 
in the electric field. Reaction conditions: 473 K of reaction temperature, S/C=2.0, toluene : H2O : 
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Figure 3.13 Temperature dependencies of catalytic activity on 5wt%Ni/LSAO with (ER) or without 
the electric field (SR). Filled plots for ER and open plots for SR. Reaction conditions: 673 – 873 K 
of reaction temperature, 100 mg of catalyst weight, S/C = 2.0, toluene : H2O : Ar = 5 : 70 : 258.3 
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Figure 3.14 Partial pressure dependences of (a) toluene and (b) steam on 5wt%Ni/LSAO catalyst 
for ER at 473 K and SR at 698 K. Reaction conditions: S/C = 2.0; W/F = 3.14 g-cat h mol-1; 3 mA 





















































































Figure 3.15 Formation rate of 18O containing C1 products standing for lattice oxygen release on 
5wt%Ni/LSAO in each condition: (a) 473 K for ER, (b) 698 K for SR. and (c) at 473 K for SR. 
Symbols: ■, C18O; ◆, C16O18O; ▲, C18O2; ○, H218O. Reaction conditions: S/C = 2.0; W/F = 3.14 
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Figure 3.16 Spectrum of TPD-IR measurement on 5wt%Ni/LSAO (A) with the electric field 
charging (ER) and (B) without the electric field (SR): 323–673 K temperature region; 3 mA applied 
















































Table 3.1 Resulted components ratio of toluene derived carbon after steam reforming for 60 min 
with/without the electric field 
 
 
Table 3.2 Response voltage for 3 mA current during steam reforming at 473 K 
 
 








1wt%Ni/LSAO 4.47 3.82 0.07 91.40 0.24
3wt%Ni/LSAO 6.48 19.33 0.83 73.06 0.29
5wt%Ni/LSAO 13.63 25.98 2.68 57.38 0.32
1wt%Ni/LSAO 2.92 3.95 0.03 91.83 1.27
3wt%Ni/LSAO 0.93 19.50 0.08 69.06 10.44




CO  / % CO2 / % CH4 / %
Coke deposition / %Liquid components / %
Time
/ min 1wt%Ni/LSAO 3wt%Ni/LSAO 5wt%Ni/LSAO
10 1075 1107 1188
20 996 1015 1237
30 742 956 1144
40 666 946 1173
50 772 883 1111
60 676 781 1124
Voltage / V
Toluene conv. H2 yield carbon deposition Toluene conv. H2 yield carbon deposition 
/ mg g-cat-1 / mg g-cat-1
1wt%Ni/LSAO 10.9 14.0 7.5 7.2 5.5 39.2
3wt%Ni/LSAO 29.1 26.7 9.1 25.3 26.3 322.8
5wt%Ni/LSAO 44.7 33.3 10.0 42.9 40.0 525.8
Catalyst
Electric Field at 473 K Heat at 698 K
/ % / %
Ni particle diameter Ni surface area Ni-support perimeter
 / nm  / m2 g-1  / 108 m g-1 EF heat EF heat
1wt%Ni/LSAO 8.9 0.56 1.27 0.41 0.27 9.29 6.15
3wt%Ni/LSAO 9.5 1.58 3.32 0.39 0.34 9.44 8.20
5wt%Ni/LSAO 9.9 2.55 5.16 0.37 0.36 9.34 8.95
TOFp / sec-1TOFs / sec-1Catalyst
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Table 3.5 Ni particle structures after toluene steam reforming in the electric field in the electric field 
for 60 min 
 
 
Table 3.6 Release rates of lattice oxygen over Ni/LSAO in various conditions. 
 
Ni particle diameter Ni surface area Ni-support perimeter
 / nm  / m2 g-1  / 108 m g-1
5wt% Ni/LSAO as made 9.9 2.55 5.16
5wt% Ni/LSAO after run 3.0 mA 9.8 2.57 5.25
5wt% Ni/LSAO after run 7.0 mA 12.5 2.02 3.24
Catalyst condition
Olat release rate Olat release amount
/ mol sec-1 / mol
with EF (473 K) 1.77 42.9
without EF (698 K) 0.59 14.3




We investigated catalytic steam reforming of toluene as a model compound of aromatic 
hydrocarbons at low temperatures in an electric field. Even at 473 K, Ni/LSAO showed high 
catalytic activity during toluene steam reforming in an electric field. Without the electric field, 
almost no activity was observed at 473 K. The coke deposition amount was 10 mg g-cat-1 for ER at 
473 K and 525.8 mg g-cat-1 for SR at 698 K, although the toluene conversion was almost identical 
for these two conditions. The formed coke can be removed by the imposition of an electric field 
because more reactive coke such as Cα and Cβ tended to be produced in the low temperature region. 
The apparent active energy was lowered from 78.9 kJ mol-1 to 26.1 kJ mol-1 by application of the 
electric field. The steam partial pressure dependence changed simultaneously. The lattice oxygen 
release rate was considerably higher. Oxygenate intermediates were formed at lower temperature in 
the electric field. Therefore, we infer that the redox mechanism is predominant over Ni/LSAO 
catalyst in the electric field. These results indicate that the electric field promoted activation of water 
using lattice oxygen ion and its vacancy, which is important for oxidation of surficial reactive coke 
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Chapter 4 Irreversible Methylcyclohexane Dehydrogenation over 
Pt/CeO2 at Low Temperature in an Electric Field 
 
4.1 Introduction 
Hydrogen is anticipated for use as a promising secondary energy because it is producible from 
various sources. However, hydrogen is gaseous, with low volume-density; a safe and cost-effective 
hydrogen storage system must be devised. Over many years, various hydrogen storage systems have 
been proposed such as hydrogen compression, hydrogen liquefaction, and hydrogen adsorption 
using solid state materials and organic hydrides: cycloalkanes [1–3]. Apparently, organic hydride 
method is the most beneficial for long-term storage and mass transportation [3–5]. 
Organic hydride method consists of reversible hydrogenation and dehydrogenation reactions 
between aromatic and naphthene compounds. During hydrogenation, aromatic compounds are 
converted to naphthene. During dehydrogenation, the reverse reaction occurs. The extracted 
hydrogen is useful for fuel cells, hydrogen combustion, and other applications. Among several 
organic hydride systems, methylcyclohexane (MCH) and toluene cycle are the most feasible for 
mobile and stationary applications because of their wide range of liquid phase and low toxicity [6, 
7]. Dehydrogenation of MCH is an endothermic reaction, as shown in eq. 4.1. It is normally 
conducted at reaction temperatures higher than 623 K [5]. 
 
 C7H14 → C7H8 + 3H2    ΔH2980  = 204.8 kJ mol-1               eq. 4.1 
 
Various Pt-supported catalysts have been investigated extensively because of their high activity and 
selectivity for MCH dehydrogenation [5, 8]. However, Pt-supported catalysts are reported as easily 
deactivated with toluene fouling and coke deposition [9–15]. Many studies assessing the prevention 
of fouling and coke have been conducted [4, 6, 7, 16–19]. Catalyst stability is important to achieve 
adequate cost-effectiveness of the organic hydride system. 
Industrial use of organic hydrides also necessitates the improvement of energy efficiency during 
endothermic processing [3, 20]. Lowering the dehydrogenation temperature can reduce energy 
consumption during this reaction. It also enables recovery of low-grade heat [5, 20–22]. 
Nevertheless, the reversible dehydrogenation reaction is limited strongly by the thermodynamic 
equilibrium, especially at low temperatures. To exceed this equilibrium limitation, several attempts 
have been examined using catalytic membrane reactors [23–29], liquid-film-type catalyst [30–34] 
and wet–dry multiple phase condition [35, 36]. Imposition of an electric field also promotes 
endothermic catalytic reactions at low temperatures [37–44]. Manabe and co-workers reported that 
methane steam reforming proceeded, exceeding equilibrium limitations in an electric field at 423 K 
because of an irreversible reaction mechanism [37]. They concluded that methane was activated and 
converted to CH3 after collision with hopping proton over electric-field-imposed Pd/CeO2 [37, 45]. 
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Accordingly, hydrogen was obtained from hydrocarbons by proton hopping [36, 37, 45]. Therefore, 
for this research, electric field effects on MCH dehydrogenation activity, selectivity, and stability 
were investigated on Pt/CeO2 catalyst at temperatures as low as 423 K. 
 
4.2 Experimental 
4.2.1 Catalyst Preparation 
Pt/CeO2 catalyst was prepared using a wet-impregnation method. Catalyst support CeO2 (JRC-
CEO-1) was impregnated with a solution of Pt(NH3)4(NO3)2 (Sigma-Aldrich Corp.). CeO2 support 
was soaked in 25 mL of water for 2 h. Then, Pt precursor was added with 15 mL of water and was 
stirred for 2 h using an evaporator. The loading amount of Pt was adjusted to 3wt%. The solution 
was dried up. Then the resultant powder was calcined at 773 K for 2 h. The obtained catalyst was 
sieved to 355–500 μm. 
 
4.2.2 Catalytic Activity Tests 
Catalytic activity tests were conducted with a fix-bed flow type reactor in which 200 mg of 
Pt/CeO2 catalyst was charged. Two stainless steel electrodes were inserted contiguously on the 
upper-side and bottom-side of the catalyst-bed to impose an electric field (Figure 4.1). The same 
setup was used also for the reaction without the electric field. For reaction in the electric field, 3.0 
mA of constant current was applied between two electrodes. The reaction temperatures were set 
respectively to 423 and 523 K for reactions with and without the electric field. The reaction gas 
composition was C7H14 : Ar = 6.4 : 30 and the total gas flow rate was 36.4 mL min-1, 0.1 MPa. We 
confirmed that the reaction condition is in a kinetic region at lower temperatures, and confirmed 
that diffusion is not a rate-determining factor (Figure 4.2). The reaction was conducted for 480 min 
to confirm the catalytic stability for MCH dehydrogenation. The product gas of the reaction was 
measured using GC-FID (GC-8A; Shimadzu Corp.) and GC-TCD (GC-8A; Shimadzu Corp.). 
Hydrogen yield was defined with the MCH feed rate (μmol min-1) and the H2 formation rate (μmol 
min-1). The resultant liquid during the reaction was analyzed using GC-FID (GC-4000; GL Science 
Inc.). 
 
 Hydrogen yield (%) = rH2 / (C7H14 feed rate × 3) × 100              eq. 4.2 
 
Arrhenius plots were obtained over Pt/CeO2 catalyst to evaluate the apparent activation energy 
of MCH dehydrogenation with and without the electric field in a kinetic condition. Reaction rates 
were evaluated in kinetic control. In fact, the reaction rates were defined from the formation rate of 
H2 in the same manner as that used for activity tests. For a reaction with the electric field, the catalyst 
temperature was increased with Joule heating from the imposed electricity. Therefore, a 
thermocouple was inserted to the catalyst bed. It monitored the actual temperature of the catalyst. 
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After reaction for 480 min, the coke deposited on the catalyst was found from temperature-
programmed oxidation (TPO) measurements obtained using a gas chromatograph to estimate CO 
or CO2 formation by coke oxidation. The temperature was increased from 298 K to 1173 K at 10 K 
min-1 in the gas composition of O2 : He = 10 : 90 (mL min-1). The produced gas components and 
coke formation amount met a conceivable mass balance, i.e. almost 100%. 
 
4.2.3 Partial Pressure Dependence and Isotope Effect 
To elucidate the reaction mechanism, the dependence of partial pressure and reaction rate was 
evaluated for MCH, toluene, and hydrogen in each reaction condition because MCH conversion 
showed almost equal levels for these two cases: (1) at 423 K with the electric field and (2) at 523 K 
without the electric field. The feed gas composition was modified as C7H14 : Ar = (3.2, 6.4, 9.6, 
11.3) : (53.2, 50.0, 46.8, 45.1) (mL min-1), C7H14 : C7H8 : Ar = 6.4 : (1.0, 2.0, 3.0, 4.0) : (49.0, 48.0, 
47.0, 46.0) (mL min-1) and C7H14 : H2 : Ar = 6.4 : (4.0, 7.0, 9.0, 12.0) : (46.0, 43.0, 41.0, 38.0) (mL 
min-1). The total gas flow rate was 56.4 mL min-1, 0.1 MPa. Reaction rates were calculated from the 
formation rate of H2 analyzed using GC-TCD (GC-8A; Shimadzu Corp.). 
To elucidate the isotope effects of MCH dehydrogenation reaction, isotopes of MCH and H2 
were used. The feed gas composition was modified as C7H14 (or C7D14) : H2 (or D2) : Ar = 6.4 : 4.0 : 
46.0 (mL min-1). The total gas flow rate was 56.4 mL min-1. Reaction rates were calculated from 
the formation rate of H2, HD, and D2. 
 
4.2.4 Operando DRIFTS Measurements 
To observe the surface state of Pt/CeO2 catalyst in the electric field, DRIFTS measurements 
were conducted using a Fourier transform infrared spectrometer (FT/IR-6100; Jasco Corp.). 
Additionally, measurement apparatus was assembled for application of the electric field to the 
samples as described in an earlier report of the relevant literature [45]. In this experiment, sieved 
catalyst was used. Two stainless steel electrodes were set on the catalyst. First, to confirm the state 
of the adsorbed species on Pt/CeO2 catalyst during the reaction, operando DRIFTS measurements 
were conducted. This operando measurement was conducted with the electric field at 423 K and 
without electric fields at 423 and 523 K. For measurements with the electric field, the constant 
current was imposed after the MCH introduction. Second, to observe the time course behavior of 
the absorbed species of MCH, intermediates, and toluene, DRIFTS measurements were taken with 
the electric field at 423 K and without the electric field at 523 K. For these measurements, MCH 
was supplied for 5 min into the measurement vessel to adsorb MCH on the catalyst. Subsequently, 
the gas flow was switched to Ar during measurement. Constant current was imposed immediately 






4.2.5 Hydrogenation of Toluene 
Regarding the investigation of toluene hydrogenation activity on Pt/CeO2 catalyst, the reaction 
was conducted with and without the electric field. The reactor setup is identical to that described in 
section 2.2. The feed gas composition was C7H8 : H2 : Ar = 6.4 : 19.2 : 10.8 (molar ratio). The total 
gas flow was 36.4 mL min-1, 0.1 MPa. The product liquid during the reaction was measured using 
GC-FID (GC-4000; GL Science Inc.). 
 
4.2.6 Characterization 
Dispersion and metal surface area of Pt metal was estimated using CO pulse measurements 
(BELCAT II; MicrotracBEL Corp.). Pre-treatment was conducted at 623 K in He gas to vaporize 
the adsorbed water. In addition, the state of supported Pt was confirmed with STEM images and 
EDX mapping results from scanning transmission electron microscopy (STEM; HF-2210; Hitachi 
Ltd.). The specific surface area of the catalyst was investigated based on N2 adsorption using the 
BET method (Gemini VII; Micromeritics Instrument Corp.). Pre-treatment was conducted at 473 K 
in a N2 atmosphere for 2 h. 
 
4.2.7 First-Principles Calculation 
Theoretical analysis for vibrational spectral analysis was conducted using DFT calculations. All 
calculations were conducted using the Vienna ab initio simulation package (VASP) ver. 5.4.1 [46–
49]. Core–valence correlation effects were included with the projector-augmented wave (PAW) 
method [48, 50]. Using plane–wave basis sets with kinetic energy lower than 400 eV, the valence 
part wave functions were expanded. All calculations were conducted using re-parameterized 
Perdew–Burke–Ernzerhof (RPBE) as the exchange–correlation functional [51, 52]. In terms of k-
space, 0.04 Å-1 in Monkhorst–Pack reciprocal space was used. The first-order Methfessel–Paxton 
method with σ = 0.2 was adopted as the smearing method. These calculations were done in a spin-
polarized manner. The Pt fcc (111) surface was modeled as having Pt 16 atoms 4 layers. During 
geometry optimization, the top two layers were relaxed. The model was constructed as repeated 
slabs separated by a 15 Å-1 vacuum layer. Equatorial MCH (C7H14) and dehydrogenated species 
(C7H13) were adsorbed over the Pt slab. The adsorbate geometries were fully relaxed. Furthermore, 
the DFT-D3 method of Grimme was adopted for correcting the van der Waals force. The adsorption 
energy was calculated using the following equation (eqs. 4.3 and 4.4). 
 
 E(MCH adsorption) = E(MCH/slab) – E(slab) – E(MCH)            eq. 4.3 
 E(C7H13 adsorption) = E(C7H13/slab) – E(slab) – E(MCH) + E(H2)/2       eq. 4.4 
 
The energy and geometry of MCH and H2 molecules were optimized by placing the molecules 
in a 10 Å cubic box. Vibrational frequencies of adsorbates were calculated by diagonalizing the 
Hessian matrix computed using a finite-difference method. 
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4.3 Results and Discussion 
4.3.1 Catalytic Activity and the Proton Hopping Role in the Electric Field 
We conducted MCH dehydrogenation over 3wt%Pt/CeO2 at temperatures of 423–773 K to 
confirm the electric field effects because 3wt%Pt/CeO2 catalyst is an excellent catalyst for this 
purpose in an electric field, as confirmed from our pre-screening test (not shown).  Catalytic 
activities in terms of H2 yield and the CH4 production rate at each temperature are presented in 
Table 4.1. The actual temperature of catalyst was increased by Joule heating of the imposed 
electricity. Although the increase was around 10 K at most (423 K), the catalytic activity was 
strongly promoted by more than 20 points in the electric field. Consequently, the Joule heat effects 
on the catalytic activity are negligible. The catalyst activity was affected considerably by the applied 
electric field in the lower temperature range. Notably, the catalytic activity was 21.6% at 423 K 
with the electric field, which exceeds the equilibrium limitation (=5.5%) at this temperature. In 
terms of the methane (by-product) production rate, the catalyst in the electric field showed a lower 
methane production rate than the catalyst without an electric field at a similar catalytic activity level. 
In other words, applying an electric field to the catalyst facilitated dehydrogenation and suppressed 
MCH decomposition. To confirm this facilitative effect for dehydrogenation, Arrhenius plots are 
presented for kinetic region for both cases, i.e. with the electric field and without the electric field 
(Figure 4.3). The apparent activation energy was 55.6 kJ mol-1 without the electric field, whereas it 
was 28.6 kJ mol-1 with the electric field. These results suggest that the MCH dehydrogenation was 
strongly promoted with electric field imposition. This phenomenon shows that the reaction 
mechanism on the catalysis in the electric field is completely different from that on the heated 
catalyst. To elucidate the reaction mechanism, the dependence of partial pressure and reaction rate 
for MCH, toluene, and hydrogen was evaluated over Pt/CeO2 catalyst with the electric field at 423 
K and without the electric field at 523 K, as presented in Figure 4.4. Here, the reaction rate of MCH 
dehydrogenation is defined as described in eq. 4.5 with each partial pressure. 
 
 rDehydrogenation = k[MCH]a[Toluene]b[H2]c                     eq. 4.5 
 
Generally, toluene and hydrogen partial pressures negatively affect the reaction rates of MCH 
dehydrogenation because this reaction is reversible and because toluene adsorption competitively 
inhibits adsorption of MCH to the reaction site. As Figure 4.4 shows, the partial pressures of toluene 
and hydrogen are negatively correlated with the reaction rates without the electric field (i.e. heated 
catalyst) [5]. Although toluene partial pressures are also negatively correlated with the reaction rate 
in the electric field, the order of correlation slope increased from -0.18 (without the electric field) 
to -0.07 (with the electric field). Moreover, the partial pressure of hydrogen was positively 
correlated with dehydrogenation reaction in the electric field, which is an extraordinary 
phenomenon considering the reversible nature of hydrogenation reactions. We found in earlier 
studies that proton hopping on the catalyst enables low-temperature catalysis in many cases. In such 
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cases, hydrogen partial pressure dependence shows positive values [37–39]. Therefore, H species 
are considered to promote dehydrogenation of MCH on the Pt/CeO2 in an electric field. 
To confirm the role of H species in the electric field, isotope effects were investigated supplying 
isotope MCHD (i.e. C7D14) and D2 to the catalyst with and without the electric field (Table 4.2). 
Isotope effects were defined as kD/kH, where k is the rate constant of dehydrogenation calculated 
from the hydrogen formation rate. Without the electric field, the kD/kH value was lower than 1.0 
when MCHD was supplied: 0.67 and 0.69, respectively, for MCHD/H2 and MCHD/D2 cases. 
Furthermore, reaction rates were unaffected by the exchange of H2 and D2. In most cases, chemical 
bonds including heavier isotopes require higher dissociation energy because of the stability of zero-
point energy (ZPE), which leads to a lower kinetic value of the reaction (kD/kH < 1). Thereby, kinetic 
isotope effect (KIE) was observed during the reaction without the electric field. However, kD/kH 
values with the electric field were increased; kD/kH were1.20, 1.22, and 1.42, respectively, for 
MCHD/H2, MCHH/D2, and MCHD/D2. These trends have also been reported during methane steam 
reforming in the electric field on Pd/CeO2; kD/kH values were conceivable as an inverse KIE for C–
H bonding [45, 53, 54]. These “inverse” KIE were observed when a  C–H–H configuration is formed 
with proton collision because the three-atom transition state has greater discrepancy of ZPE between 
isotopes than the physisorption state [45, 53–58]. Kinetic isotope analyses, as indicated by MCH 
dehydrogenation, might be promoted by proton collision in the electric field. 
 
4.3.2 Observation of Adsorbed Species and Reaction Mechanism on Pt/CeO2 in the Electric 
Field 
Operando IR measurements were conducted over Pt/CeO2 catalyst to confirm the role of 
accelerated protons in MCH dehydrogenation. Figure 4.5 portrays the operando IR spectrum during 
MCH gas supply with the electric field at 423 K, without the electric field at 423 K, and also without 
the electric field at 523 K. Without the electric field, two peaks for C–H stretching vibrations were 
observed, respectively, at 2925 and 2938 cm-1, assigned to -CH3 and -CH2- of physisorbed MCH 
(Figure 4.6) [59, 60]. In addition, doublet peaks of C–H stretching were confirmed around 2860 cm-
1 [59, 60]. Regarding peaks with the electric field, there were four peaks in the C–H stretching 
region:  2910, 2925, 2938, and 2953 cm-1. The peak intensity of the formed toluene was negligible 
compared to that of MCH (Figure 4.7). Thereby, peculiar peaks for the spectra in the electric field 
were detected at 2910 and 2953 cm-1. 
For the specification of such peculiar peaks in the electric field, DFT calculations were done. 
This first-principles calculation considered the physisorption state of MCH (C7H14) and 
chemisorption states of C7H13 species. According to kinetic analyses, MCH dehydrogenation was 
promoted by proton collision in the electric field. In this case, C7H13 species could be formed after 
the first proton collision to MCH with production of H2. The most stable structures and adsorption 
energies were calculated for MCH physisorption and C7H13 chemisorption states (Figure 4.8). 
Consequently, chemisorption on the γ-position or δ-position was more stable, but all chemisorption 
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states were able to be formed in view of the calculated adsorption energies. For that reason, 
theoretical C–H stretching vibrations were calculated to assign those peaks. As results of the 
calculations (Figures 4.9 and 4.10), peaks at 2910 and 2953 cm-1 can be attributed respectively to 
C7H13 chemisorption with the β-position and δ-position. These C7H13 species were regarded as 
reaction intermediates after proton collision. Therefore, the latter dehydrogenation steps might be 
the rate-determining steps from the fact of this intermediate observation. 
More detailed investigations for operando IR measurements were conducted to identify such 
C7H13 species as reaction intermediates. Figure 4.11 portrays the time-course spectra of operando 
IR peaks after the electric field was applied and the MCH supply was turned off simultaneously. 
After 3–5 min with application of the electric field, peaks for the chemisorption were observed in 
addition to that of physisorption. Subsequently, at 10 min, peak intensity for physisorption 
decreased faster than that of C7H13 chemisorption, which suggests that the latter steps were slower 
than the first dehydrogenation in the electric field. Then, the chemisorption peaks disappeared 
gradually within 30 min. These physisorption peaks probably represented physisorbed MCH on 
inactive sites. Figure 4.12 depicts the time-course spectra of operando IR without the electric field 
after the MCH supply was stopped. Contrary to the case with the electric field, MCH physisorption 
peaks were observed only during IR measurement. Thereby, it can be surmised that the first 
dehydrogenation of MCH (cyclohexane to cyclohexene) was a reaction barrier or rate-determining 
step without the electric field [61, 62]. Whereas the peak intensity for MCH physisorption decreased, 
that of toluene increased as measurements proceeded. These peaks were found for toluene: C–H 
stretching at around 3030 cm-1 (Figure 4.13) and C–C stretching at around 1500 and 1600 cm-1 were 
derived from dehydrogenation of MCH [59, 60, 63]. Remarkably, toluene adsorption was not 
observed during the electric field application (Figure 4.11) even though the conversions for two 
conditions were almost identical (with the electric field at 423 K and without the electric field at 
523 K). Figure 4.14 presents the proposed reaction scheme according to the series of obtained results. 
We inferred that accelerated protons in the electric field (step 1) collided with H atoms of 
physisorbed MCH on either the β-position or δ-position (step 2), which triggered the first 
dehydrogenation reaction of MCH (step 3). After subsequent dehydrogenation had proceeded (step 
3), toluene desorption was also promoted with the electric field (step 4). 
 
4.3.3 Reverse Hydrogenation Reaction in the Electric Field 
Toluene hydrogenation reaction was conducted with the Pt/CeO2 catalyst to assess the 
reversibility of the reaction because conversion with the electric field exceeded the calculated 
equilibrium, as shown in Table 4.1. Figure 4.15 and Table 4.3 present temperature dependencies of 
toluene hydrogenation with and without the electric field. They show that hydrogenation activity 
with the electric field was lower than that without the electric field at temperatures below 523 K. 
Toluene hydrogenation activity reached the equilibrium limit above 523 K because catalysis with 
heat is reversible. This reversible path is dominant at temperatures higher than 523 K, irrespective 
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of the reaction with/without the electric field. Suppressing catalytic activity for the reverse 
hydrogenation reaction with the electric field was observed. It derived from two reasons. First, as 
described above, the reactant toluene only slightly approached the reaction sites on Pt/CeO2 because 
toluene can desorb easily by the application of an electric field. Additionally, it was difficult for the 
hydrogenation of adsorbed toluene to proceed because of proton conductivity ascertained from 
“inverse” kinetic isotopes. Proton hopping promoted MCH dehydrogenation through three-atom 
transition (C7H13–H–H+) [45]. Consequently, hydrogenation with the electric field necessitated 
large apparent active energy and might be nearly irreversible [45, 53, 54, 56]. This phenomenon is 
related to the effects of proton collision during MCH dehydrogenation. Therefore, the electric field 
application promoted dehydrogenation reaction with proton collision, which promoted 
dehydrogenation, and which partially inhibited reverse hydrogenation for exceeding the equilibrium 
limitation only at low temperatures. 
 
4.3.4 Catalytic Stability 
Catalytic stability of 3wt%Pt/CeO2 was confirmed in two conditions: with the electric field at 
423 K and without the electric field at 523 K. According to Figure 4.16 and Table 4.4, initial 
catalytic activities were similar values in both conditions except the data at 2 min. In the case of 
dehydrogenation in the electric field, it required a few minutes for electric field stabilization. 
Operando IR measurements revealed that the intermediates started to form after 3–5 min from 
application of the electric field. Despite similar initial catalytic activities, the catalyst without the 
electric field at 523 K was more deactivated from 21.5% to 12.1% with the time course. However, 
catalytic activity with the electric field was stabilized around 18%. Sintering of Pt was not confirmed 
after the reaction in either condition (Table 4.5). To estimate the deposited coke during MCH 
dehydrogenation, temperature programmed oxidation (TPO) measurements were conducted for 
spent catalysts. Results revealed that the coke deposition amounts were 4.5 mg g-cat-1 with the 
electric field and 199.1 mg g-cat-1 without the electric field. Those results might reflect the effects 
of lowered reaction temperatures because the coke precursor starts to polymerize at temperatures 
higher than 523 K [64].  Toluene can be regarded as a coke precursor during dehydrogenation [10, 
11]. In that case, toluene desorption was facilitated by the electric field according to operando 
DRIFTS measurements (Figure 4.11). Therefore, coke deposition was suppressed with the electric 







Figure 4.2 Relation between catalytic activity and W/F ratio in the electric field at 423 K: gas 
supply MCH : Ar = (3.2, 6.4, 12.8) : (15, 30, 60) (total flow 18.2, 36.4, 72.8 mL min-1); input 
























Figure 4.3 Arrhenius plots for 3wt%Pt/CeO2 catalyst with and without the electric field (EF): gas 
supply MCH : Ar = 6.4 : 30 (total flow 36.4 mL min-1); input current 3 mA. 
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Figure 4.4 Dependence of partial pressure and reaction rate for (a) methylcyclohexane, (b) toluene, 
and (c) hydrogen over 3wt%Pt/CeO2 in methylcyclohexane dehydrogenation with the electric field 





























































































Figure 4.5 Operando DRIFTS spectra for 3wt%Pt/CeO2 with the electric field at 423 K and without 

















































Figure 4.7 Spectra of operando DRIFTS measurements of 3wt%Pt/CeO2 during toluene feed in the 
























Figure 4.8 Calculated optimized structure and adsorption energy with DFT calculation for MCH 
physisorption and C7H13 chemisorption at various positions: (a) MCH physisorption, (b) α-position, 
(c) β-position, (d) γ-position, (e) δ-position, and (f) methyl-group. 
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Figure 4.10 Theoretical wavenumber and identification of C–H stretching for IR peaks for C7H13 







































Figure 4.12 Operando DRIFTS spectra for 3wt%Pt/CeO2 without the electric field at 523 K with 












































Figure 4.13 Spectra of operando DRIFTS measurements of 3wt%Pt/CeO2 without the electric field 



























Figure 4.15 Temperature dependencies of toluene hydrogenation on 3wt%Pt/CeO2 with and without 
the electric field: 423–673 K of reaction temperature; gas supply toluene : H2 : Ar = 6.4 : 19.2 : 10.8 




























Figure 4.16 Catalytic stability during MCH dehydrogenation for 480 min with the electric field at 
423 K and without the electric field at 523 K: gas supply MCH : Ar = 6.4 : 30 (total flow 36.4 mL 









0 60 120 180 240 300 360 420 480
with EF (423 K)











Time on stream / min
138 
 
Table 4.1 Temperature dependencies of catalytic activity on 3wt%Pt/CeO2 with and without the 
electric field; gas supply MCH : Ar = 6.4 : 30 (total flow 36.4 mL min-1); 3.0 mA current 
 
Ttc: Catalyst bed temperature measured using a thermocouple 
 
 
Table 4.2 MCH dehydrogenation using isotope; 3wt%Pt/CeO2 catalyst; gas supply MCH : 
H2(D2) : Ar = 6.4 : 4: 46 (total flow 56.4 mL min-1); input current 3.0 mA 
 
Ttc: Catalyst bed temperature measured using a thermocouple 
  
Reaction
Temperature T tc H2 yield CH4 production T tc H2 yield CH4 production
/ K / K / % / 10-2 μmol min-1 / K / % / 10-2 μmol min-1
423 442 21.6 1.1 422 0.8 n.d.
473 479 30.2 2.4 468 5.6 n.d.
523 522 51.8 4.1 523 21.5 1.6
573 572 88.3 14.0 566 52.5 5.2
623 621 99.4 78.7 618 76.1 35.2
673 667 97.5 99.7 668 96.7 156.2
723 719 99.0 148.6 718 98.6 278.8
773 768 99.0 198.6 768 99.2 480.2
with EF without EF
T tc H2 production rate H2 yield k D/k H
/ K / μmol min-1 / % / -
with EF (423 K) MCHH/H2 445 148 18.8 -
MCHH/D2 441 178 22.6 1.20
MCHD/H2 445 180 22.9 1.22
MCHD/D2 442 209 26.6 1.42
without EF (523 K) MCHH/H2 519 247 31.5 -
MCHH/D2 519 255 32.5 1.03
MCHD/H2 518 165 21.0 0.67




Table 4.3 Activity of toluene hydrogenation on 3wt%Pt/CeO2; gas supply toluene : H2 : Ar = 6.4 : 
19.2 : 10.8 (total flow 36.4 mL min-1); input current 3.0 mA 
 




Furnace Temp. T tc Voltage Toluene conv.
/ K / K / V / %
with EF 423 420 265 7.3
473 465 250 31.6
523 503 239 10.5
573 543 225 1.9
623 591 183 0.2
673 636 147 0.0
without EF 423 423 - 21.5
473 473 - 49.4
523 523 - 15.8
573 573 - 1.6
623 623 - 0.1




Table 4.4 Catalytic activity and response voltage on 3wt%Pt/CeO2; gas supply MCH : Ar = 6.4 30 




Time without EF (523 K)
/ min H2 yield / % Voltage /V H2 yield / %
2 14.7 219 21.6
10 21.5 206 21.5
25 21.4 200 21.4
40 20.8 195 21.2
55 20.1 192 20.7
70 19.3 185 20.6
85 18.5 183 20.2
100 18.2 181 19.8
115 18.0 178 18.5
145 17.7 179 18.2
175 17.8 179 18.0
205 17.9 180 17.2
235 17.9 178 16.9
265 17.7 178 16.9
295 18.0 179 16.5
325 18.0 178 16.3
355 18.3 181 15.5
385 18.0 180 14.1
415 18.1 178 13.5
445 18.1 177 12.7
475 18.0 177 12.1
with EF (423 K)
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Dispersion Metal surface area
/ % / m2 g-1
Pt/CeO2 as made 15.1 1.12
Pt/CeO2 after reaction with EF (423 K) 14.5 1.07





MCH dehydrogenation was conducted on 3wt%Pt/CeO2 with the electric field application. High 
catalytic activity was obtained even at 423 K, exceeding the equilibrium limitation. In the electric 
field, partial pressure dependence of H2 was found to be correlated positively with the reaction rate 
of dehydrogenation despite reversibility of the reaction. Furthermore, kinetic analyses revealed an 
“inverse” kinetic isotope effect (KIE). Proton acceleration that occurred along with the electric field 
application induced collisions with H atoms on MCH, which advanced the dehydrogenation on 
Pt/CeO2. According to operando IR measurements and DFT calculations, peculiar peaks were 
observed at wavenumbers of 2910 and 2953 cm-1 in the electric field. They were attributed to 
chemisorbed C7H13 species with β-position and δ-position. Results demonstrate that protons 
collided with H atoms of MCH at such positions, and that C7H13 remained on the surface as the 
reaction intermediates. Although toluene adsorption was observed without the electric field, it was 
not confirmed with the electric field. Consequently, electric fields can also facilitate toluene 
desorption. Moreover, toluene hydrogenation was confirmed to be inhibited in the electric field. In 
conclusion, the electric field promoted MCH dehydrogenation with proton collision irreversibly, 
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